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1763: Havana, Cuba
The slaves believe the gods move blood and sap. In every blade of Cuban grass breathes 
a god, and that’s why the forest is alive. Temple of African gods, home of African 
ancestors, the forest is sacred and keeps secrets. If anyone fails to greet it, its anger rises 
and it denies health and fortune. One must offer it a gift to receive the leaves that heal 
wounds and ward off misfortune. One must greet it with ritual words - or whatever 
words come out. Everyone talks with the gods as he feels or is able.
No god is all good or all bad. The same one may save or kill. The breeze 
refreshes and the hurricane destroys, but both are air.
Memory of Fire. II. Faces and Masks.
Eduardo Galeano, 1984
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Coexistence in a local guild: ecological and behavioral interactions and fitness 
consequences of coexistence in two insectivorous, open-nesting birds (Parulidae: 
Vermivord).
Advisor: Thomas E. Martin, PhD. f
Abstract:
Local guilds define groups of species that share common resources and coexist in 
space and time. Local guilds have historically been a major focus of community ecology; 
however, studies of local guilds rarely measure consequences of coexistence for fitness- 
related traits or test predictions of alternative hypotheses for how species may interact. I 
studied consequences of coexistence for Orange-crowned Warblers {Vermivora celatd) 
and Virginia’s Warbler (K virginiae) overlapping breeding territories in central Arizona.
I used reciprocal removal experiments to examine (1) if coexistence of Orange-crowned 
and Virginia’s warblers results in ecological consequences for either species, and (2) if 
ecological consequences result in fitness consequences for either species. When 
Virginia’s Warblers were removed. Orange-crowned Warblers suffered reduced nest 
predation rates compared with Orange-crowned Warblers on control plots where 
Virginia’s Warblers were present. When Orange-crowned Warblers were removed, 
Virginia’s Warblers (1) shifted their nest sites to sites indistinguishable from Orange- 
crowned Warbler nest sites, (2) increased feeding rates during both the incubation and 
nestling periods, and (3) suffered reduced nest predation rates, compared with Virginia’s 
Warblers on control plots where Orange-crowned Warblers were present. Both Orange- 
crowned and Virginia’s warblers on plots where the opposite species had been removed 
fledged 86-179% more young per nest, indicating that both species suffer substantial 
fimess costs of coexistence.
In response to Virginia’s Warbler song playback. Orange-crowned Warblers 
either approached the broadcast speaker or sang overtop of Virginia’s Warbler songs, 
which is consistent with observations of natural interactions where Orange-crowned 
Warblers were behaviorally dominant and aggressive towards the smaller Virginia’s 
Warblers. Virginia’s Warblers responded to Orange-crowned Warbler song playback by 
avoiding the broadcast speaker. Virginia’s Warblers did not avoid settling on Orange- 
crowned Warbler territories within Orange-crowned Warbler habitat, apparently because 
Orange-crowned Warblers saturate suitable breeding habitat on our study plots, and thus 
all Virginia’s Warbler territories within this habitat overlap Orange-crowned Warbler 
territories regardless of whether or not Virginia’s Warbler avoid occupied Orange- 
crowned Warbler territories during settlement. Virginia’s Warblers did not avoid settling 
within Orange-crowned Warbler habitat in favor of adjacent habitat where Orange- 
crowned Warblers did not occur, apparently because greater quality of Orange-crowned 
Warbler habitat offsets costs of coexisting with Orange-crowned Warblers.
ii
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Overall, results illustrate that (1) Orange-crowned and Virginia’s warblers do not 
coexist independently of each other, (2) interactions between the two species are complex 
and asymmetrical, (3) interactions between the two species result in substantial fitness 
costs of coexistence for both species, and (4) ecological interactions between the two 
species extend far beyond competition for food resources which has dominated studies of 
terrestrial vertebrate communities.
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Introduction
Almost all organisms occur within communities, and given this, fully 
understanding the biology of any species will require an understanding of how it interacts 
with other community members. Local guilds define a subset of community members 
that use the same resources (Fauth et al. 1996). Local guilds historically have been a 
major focus of community ecology, especially since the classic study of competition and 
resource partitioning in five coexisting Dendroica wood warblers (Parulidae) by Robert 
Mac Arthur (1958). Although local guilds have been a major focus in community 
ecology, many studies of local guilds have more recently been criticized (Connell 1980, 
Mac Nally 1983, Wiens 1983, 1989a, b, Martin 1986, Underwood 1986). Criticisms have 
centered on the following themes: (1) many studies lack rigorous experimental 
approaches, and hence do not adequately test for interactions among species, (2) many 
studies focus on competition for food, ignoring other potential interactions among 
species, (3) many studies estimate costs to coexistence at the population level, instead of 
at the individual level, where natural selection occurs, (4) most studies do not examine 
fitness consequences of coexistence for individuals, (5) most studies do not examine 
precise mechanisms whereby behavioral and ecological interactions among local guild 
members result in ecological and fitness consequences of coexistence, and (6) many 
studies do not examine interactions among coexisting species under natural conditions.
In this study, I have attempted to both learn from, and address these central
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
criticisms, and examine behavioral and ecological interactions between two coexisting 
passerine birds. I studied two coexisting wood warblers (Parulidae), the Orange-crowned 
Warbler {Vermivora celata) and Virginia’s Warbler {V. virginiae), that comprise part of a 
local guild in the high elevation forests of central Arizona, U.S.A. These two species 
provide an ideal study system to examine interactions among local guild members 
because (1) they are close relatives of the Dendroica species studied by Mac Arthur 
(1958), (2) they have been the focus of recent and intensive studies (Martin 1988a, b, 
1993, 1996, 1998), (3) they completely overlap breeding territories in my study area in 
central Arizona (Martin 1998: Figure 1, Chapter I), (4) they are extremely similar 
ecologically (Martin 1998, Chapter I), (5) they segregate along a moisture, temperature, 
and vegetation gradient within their breeding territories (Martin 1993, 1996, 1998), 
elevationally, and geographically (Chapter I), as do a broad range of species (e.g. 
Whittaker 1954, 1967, Connell 1961, Miller 1964, Bovbjerg 1970, Heller 1971, Jaeger 
1971a, b, Terborgh 1971, Terborgh and Weske 1975, Robinson and Terborgh 1995)), and 
(6) they interact aggressively, with the Orange-crowned Warbler being behaviorally 
dominant (Chapter II).
The goal of this study is to provide a thorough study of interactions among two 
terrestrial vertebrate, local guild members, that addresses central criticisms outlined 
above. This has taken several parts, which are outlined in two independent papers that 
follow. The first paper (Chapter I) entitled “Ecological interactions and fitness 
consequences of coexistence in two congeneric wood warblers (Parulidae: Vermivora): a 
removal experiment,” examines ecological and fitness consequences of coexistence for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
both Orange-crowned and Virginia's warblers using reciprocal removal experiments, and 
presents preliminary data supporting various alternative mechanistic hypotheses for how 
ecological and behavioral interactions between these two species may result in the 
ecological and fitness consequences observed. The second paper (Chapter II), entitled 
“Behavioral interactions between two coexisting wood warblers (Parulidae: Vermivora): 
natural interactions, song playback experiments, settlement patterns, and implications for 
fitness costs of coexistence,” further examines behavioral interactions between Orange- 
crowned and Virginia’s warblers, and discusses the potential for selection to favor 
various responses to the opposite species in the context of ecological and fitness costs of 
coexistence. Both papers are written as self-contained manuscripts intended for 
submission to the journal EcologyK
references cited in the Introduction are included in the Literature Cited section of Chapter I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter I
Ecological and fitness consequences o f  coexistence in two 
congeneric wood warblers (Parulidae: Vermivora): 
a removal experiment.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
INTRODUCTION
Local guilds define groups of species that share common resources (Fauth et al. 
1996) and coexist in space and time and potentially interact (i.e. they are part of the same 
ecological community; McPeek and Miller 1996). Hypotheses examining consequences 
of coexistence for local guild members and how they partition resources have historically 
been a major focus of community ecology (e.g. Lotka 1925, Volterra 1926, Gause 1932, 
MacArthur 1958, Cody 1974, Schoener 1974, 1982, 1983, Diamond 1978, Tilman 1982, 
Connell 1983, Martin 1986, 1996, Wiens 1989a, b, Grace and Tilman 1990). Despite 
being a major focus, studies of interactions between local guild members rarely measure 
consequences of coexistence for fitness-related traits, or test predictions o f alternative 
hypotheses for how species may interact (Connell 1980, Mac Nally 1983, Underwood 
1986, Wiens 1983, 1989a, b, Martin 1986; see exceptions cited within these papers). 
Studies examining fitness consequences and alternative hypotheses for how species may 
interact have been noticeably rare in studies of terrestrial vertebrate fauna, such as birds, 
even though these taxa have figured prominently in community ecology theory (e.g. 
MacArthur 1958, 1972, Diamond 1978, Cody 1974, Wiens 1989a, b).
Species within a local guild may coexist and use resources independent of any 
ecological interactions among each other (e.g. Gleason 1926, James et al. 1984). 
Alternatively, members of a local guild may interact ecologically, directly or indirectly 
influencing each other’s patterns of resource use and acquisition, behaviors, and/or 
interactions with other species such as predators and parasites (e.g. Dobson and Hudson 
1986, Bertness and Callaway 1994, Holt and Lawton 1994, Wooton 1994, Grace and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Tillman 1990). These ecological interactions may or may not lead to fitness 
consequences for individuals through their influences on individual reproductive success 
and/or survival (e.g. Gustafsson 1987).
We chose two ecologically-similar passerine birds to examine potential ecological 
and fitness consequences of coexistence for individuals of both species. The two species 
examined, the Orange-crowned Warbler ( Ferw/vora celatd) and the Virginia’s Warbler 
(K virginiae), provide a perfect situation to examine ecological interactions and their 
consequences, as they are well-studied and are remarkably similar in their ecological 
strategies (nesting, foraging, shared predators) (Martin 1988a, b, 1993a, 1996, 1998), 
providing an extreme along a gradient of ecological similarity within the local guild of 
insectivorous and/or open-nesting birds. Given their ecological similarities, these two 
species provide the greatest potential for ecological interactions leading to fitness costs of 
coexistence within this local guild, and allow us to examine the importance of multiple 
potential ecological interactions between two coexisting species.
We used reciprocal removal experiments to compare the ecology and behaviors of 
Orange-crowned and Virginia’s warbler pairs. We compared pairs on control plots where 
the two species coexisted, with pairs on experimental plots where the opposite species 
had been experimentally removed (hereafter, removal plots) to examine two questions 
addressing consequences of coexistence for Orange-crowned and Virginia’s warblers: (1) 
Does coexistence of Orange-crowned and Virginia’s warblers result in ecological 
consequences (e.g. reduced access to resources, increased predation) for either species?, 
and (2) Do these ecological consequences result in fitness consequences for individuals?
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A priori hypotheses, predictions, and tests 
(1) Does coexistence o f  Orange-crowned and Virginia’s warblers result in ecological
consequences for either species?
To address this question, we first reviewed evidence for a diverse array of 
ecological interactions that could potentially be important for coexisting Orange-crowned 
and Virginia’s warblers. Potential interactions include competition for resources and 
interactions mediated by predation and parasitism (Table 1.1). Evidence gathered to date 
suggests that parasitism on these two species is fairly rare on our study sites; however, 
both Grange-crowned and Virginia’s warblers use similar nest sites and food resources, 
and share the same nest and adult predators. Thus, from the potential ecological 
interactions outlined in Table 1.1, evidence suggested that (1) access to nest sites, (2) 
access to food, (3) nest predation, and (4) adult predation, were potentially important for 
coexisting Orange-crowned and Virginia’s warblers.
We tested predictions of each of the four potential ecological consequences for 
coexistence in both Orange-crowned and Virginia’s warblers. Throughout we predicted 
that if  coexistence of these two species resulted in costs, then individuals on removal 
plots should experience reduced costs relative to individuals on control plots. If 
coexistence has ecological consequences for patterns of resource use, then we predicted 
that individuals on removal plots should shift their patterns of resource use towards those 
of the opposite species compared with conspecific individuals on control plots.
(i) Nest sites. - If coexisting Orange-crowned and Virginia’s warblers influence 
each other’s access to nest sites, then individuals on removal plots should shift their
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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choice of nest site towards that of the opposite species compared with individuals on 
control plots. We described nest sites based on vegetation following Martin ( 1996,
1998). On our study plots. Orange-crowned Warblers typically nest lower in the 
drainages amidst a greater proportion of canyon maple (Acer gradidentatum) stems 
compared with Virginia’s Warblers. Virginia’s Warblers typically nest higher on the 
drainages, and have a greater proportion of gambel oak (Quercus gambellii) and New 
Mexican locust (Robinia neomexicand) stems compared with Orange-crowned Warblers 
(Martin 1993a, 1996, 1998). Given these differences in nest sites, we predicted that if 
Virginia’s Warblers influence access to nest sites for Orange-crowned Warblers, then 
Orange-crowneds nesting on removal plots (Virginia’s Warbler removed) should place 
nests amidst more oak and locust stems, higher on the drainage compared with Orange- 
crowneds on control plots. Similarly, if Orange-crowned Warblers influence access to 
nest sites for Virginia’s Warblers, then Virginia’s nesting on removal plots (Orange- 
crowned Warbler removed) should place nests amidst more maple stems, lower on the 
drainage compared with Virginia’s on control plots. If interactions between the two 
species are asymmetrical (e.g. Connell 1961, Jaeger 1971b), then we expected only one of 
the two species to shift their nest sites on removal plots compared with control plots.
(ii) Food. - If coexisting Orange-crowned and Virginia’s warblers influence each 
other’s access to food, then pairs on removal plots should bring more food to their nests 
both during incubation (rate of male feeding of incubating females) and the nestling 
period (rate of nestling feeding), compared with pairs on control plots. If interactions 
between the two species are asymmetrical, then we expected only one of the two species
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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to increase feeding rates at nests on removal plots compared with control plots.
(Hi) Nest predation. - If coexisting Orange-crowned and Virginia’s warblers 
influence each other’s rates of nest predation, then both species should experience lower 
daily rates of nest predation on removal plots compared with control plots. If  interactions 
between the two species are asymmetrical, then we expected only one of the two species 
to show reduced rates of nest predation on removal plots compared with control plots.
(iv) Adult Predation. - If coexisting Orange-crowned and Virginia’s warblers 
influence each other’s rates of adult predation, then adults of both species should have 
lower daily rates of predation on removal plots compared with control plots. Given that 
adult predation is difficult to measure, we followed females with active nests to estimate 
daily mortality rates on nesting females. A female was assumed depredated if (1) her nest 
was depredated and the remains of the female were found near the nest, or (2) if a nest 
with eggs or young was abandoned, the female could not be subsequently located, and the 
male increased song rates on its territory. If interactions between the two species are 
asymmetrical, then we expected only one of the two species to show reduced female 
predation rates on removal plots compared with control plots.
(2) Do ecological consequences to coexistence result in fitness consequences for
individuals?
If  ecological consequences of coexistence resulted in fitness costs to individuals 
o f either species, we predicted increased fitness for pairs on removal plots compared with 
pairs on control plots. In this study, we were unable to directly measure individual fitness
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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of focal birds. Instead, we infer a fitness cost of coexistence if  reproductive success 
measured to fledging is higher for pairs on removal plots compared with pairs on control 
plots, and/or if female survival through the nesting period is higher on removal plots 
compared with control plots. While we address reproductive success to fledging and 
within-season survival of females in our study, we do not have similar information on the 
effects of Orange-crowned and Virginia’s warbler coexistence on long term adult survival 
or post-fledging reproductive success. Thus, should we find no difference in reproductive 
success to fledging or within-season female survival between control and removal plots, 
this does not preclude fitness costs of coexistence manifested in long term adult survival 
or post-fledging reproductive success (e.g. Gustafsson 1987). Should we find differences 
in reproductive success to fledging or within-season female survival, however, this would 
provide good evidence for fitness costs of coexistence, although the extent of these costs 
may differ if other aspects of fitness were also measured.
(i) Reproductive success. - To assess reproductive success, we measured fecundity 
(i.e. clutch size per nest), and the number of young fledged per nest. We predicted that if 
there is a cost of coexistence of Orange-crowned and Virginia’s warblers, then females of 
both species occurring on removal plots should lay more eggs (on average) compared 
with females on control plots, and pairs of both species occurring on removal plots should 
fledge more young (on average) compared with pairs on control plots. If interactions 
between the two species are asymmetrical, then we expected only one of the two species 
to show increased clutch size per nest and/or increased number of young fledged per nest 
on removal plots compared with control plots.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(ii) Survival - To assess survival, we used within-season female predation rates 
described above subtracted from one to estimate adult female survival through the nesting 
period. Since the only known source of female mortality on our study plots is predation 
(T.E. Martin and P.R. Martin, unpublished data), female survival rates are reflected as (1 
- predation rates). Thus, the analysis testing for differences in female predation rates on 
control versus removal plots also tested for differences in female survival rates on control 
versus removal plots. We predicted that if there is a cost of coexistence of Orange- 
crowned and Virginia’s warblers, females of both species should show higher rates of 
survival during the nesting period on removal plots compared with control plots. If 
interactions between the two species are asymmetrical, then only one of the two species 
should show reduced female predation rates on removal compared with control plots.
METHODS 
Study area
We studied Orange-crowned and Virginia’s warblers on snow-melt drainages 
located on the Mogollon Rim in central Arizona, U.S.A. (34° 25' N; 111° 10' W) at 
approximately 2,300 m in elevation (Figure 1.1). The forest within snow-melt drainages 
is comprised of quaking aspen {Populus tremuloides), douglas-fir {Pseudotsuga 
menziesii), white fir {Abies concolor), ponderosa pine (Pinus ponderosa), white pine 
{Pinus strobiformis), and gambel oak. The understory vegetation was comprised 
primarily of canyon maple. New Mexican locust, saplings of overstory tree species, 
golden pea (Thermopsispinetorum), raspberry (Rubus strigosus), and various grasses.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Overall, the distribution of plant species varied across the width of the snow-melt 
drainages, with pine, oak, and locust dominating the upper slopes, and aspen and maple 
dominating the bottom of the drainages (Martin 1998). Forest surrounding the snow-melt 
drainages was characterized by open ponderosa pine with locust and oak in the subcanopy 
and little understory vegetation, and differed markedly from drainages (Martin 1998).
Prominent nest predators on our plots include Red Squirrel (Tamiasciurus 
hudsonicus), Gray-necked Chipmunk {Eutamias cinereicollis), and Steller’s Jay 
{Cyanositta stelleri) (Martin 1988b, 1993a, 1998). Adult and juvenile predators include 
Sharp-shinned Hawk (Accipiter striatus). Cooper’s Hawk (A. cooperii), and Northern 
Goshawk (A. gentilis) (T.E. Martin and P.R. Martin, unpublished data). For more details 
on the study site and forest bird community, see Martin (1988b, 1993a, 1998).
Study species
Orange-crowned and Virginia’s warblers are ecologically-similar, closely-related 
oscine passerines in the family Parulidae. These two species both nest on the ground, 
usually at the base of saplings, and both are predominately insectivorous on their 
breeding grounds, obtaining insects and other arthropods primarily by gleaning from 
foliage or by probing into leaf buds. Both species feed their young large amounts of 
lepidoptera larvae on our study sites (T.E. Martin and P.R. Martin, unpublished data). 
Orange-crowned Warblers are heavier than Virginia’s (9.0 g versus 7.8 g, respectively; 
Dunning 1993), and dominate in aggressive interactions (Chapter II). Orange-crowned 
Warblers arrive at the study sites in Arizona earlier on average than Virginia’s Warblers,
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and commence nesting earlier in the season (Figure 1.2). Both species, however, overlap 
nesting both temporally (Figure 1.2) and spatially (Martin 1998: Figure 1).
Orange-crowned Warblers differ from Virginia’s ecologically, choosing moister 
cooler habitats on average than Virginia’s. This is reflected by habitat use on all scales: 
Orange-crowned Warblers breed from Arizona to Alaska, east to Labrador, while 
Virginia’s are restricted to the drier, warmer southwestern United States (Figure 1.3a). 
Within their geographic range of overlap (Figure 1.3a), Orange-crowned and Virginia’s 
warblers segregate elevationally (Figure 1.3b): Orange-crowned Warblers are restricted to 
wet, cool, high-elevation forests, while Virginia’s are found through a variety of drier 
warmer habitats, including pinyon-juniper forest, and dry oak-locust forest at lower 
elevations (Dunn and Garrett 1997). On a microhabitat scale, where Orange-crowned and 
Virginia’s warblers overlap territories, Virginia’s Warblers choose nest sites higher up on 
the snow-melt drainage slopes where nest sites are warmer and drier, while Orange- 
crowned Warblers nest lower in the drainage where conditions are cooler and moister 
(Martin 1993a, 1996, 1998).
Both species are migratory, with Orange-crowned Warblers wintering from the 
southern United States through to Mexico and Guatemala, and Virginia’s Warblers 
wintering primarily in western Mexico (Dunn and Garrett 1997).
Removal plots and methods 
We removed unpaired territorial male Orange-crowned Warblers or Virginia’s 
Warblers from selected snow-melt drainages (Figure 1.1) using a .22 gun with bird shot.
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or a .410 shotgun with bird shot. Carcasses of birds were then collected and preserved for 
other studies. Males were primarily removed before female settlement in May and June 
1996, 1997, and 1998, and females did not settle on plots where males were absent. On 
occasion where females settled before male removal, both individuals of the pair were 
removed. On two occasions. Orange-crowned Warbler pairs were not removed until after 
a nest site had been chosen and nest construction had begun. At this time, both members 
of the pairs were removed along with the contents of their nests. Resettlement after the 
initial removal of males was frequent (P.R. Martin and T.E. Martin, unpublished 
manuscript), and these subsequent males were also removed.
Birds were removed as soon as possible after arrival, generally from 1-5 days after 
first detection. In many cases, birds on removal plots encountered unpaired males of the 
opposite species. The amount of time that the two species interacted on removal plots, 
however, was significantly reduced compared with control plots, and no birds of the 
removal species bred on removal plots.
In 1998, we used Orange-crowned Warbler song playback as an alternative to 
lethal removals to exclude Orange-crowned Warblers from experimental removal plots. 
Orange-crowned Warbler song playback was broadcast continuously from the start of the 
dawn chorus (i.e. when most songbirds begin to sing in the morning before sunrise) for 
5.5 hours daily. We broadcast Orange-crowned Warbler song for approximately 12 days 
on two experimental territories where Virginia’s Warbler males were present. During 
extensive observations, four Orange-crowned Warblers (three males, one female) were 
observed on these territories for short periods, with a male Orange-crowned Warbler
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briefly countersinging with the song playback. In the end, however, no Orange-crowned 
Warblers settled territories overlapping these two Virginia’s Warblers territories.
Ideally, experimental and control plots should be alternated to avoid potential plot 
effects on results (Hairston 1989). This was not always possible on our study sites as 
control plots are used for long term data collection (Martin 1988b, 1993a, 1996, 1998; but 
see 1998 removal plots. Figure 1.1). Thus, we chose adjacent or nearby snow-melt 
drainages with similar bird, predator, and plant assemblages, and subsequently tested for 
differences between control and experimental plots (see below).
We used different experimental removal plots across years, even though densities 
o f both species were comparable to pre-removal densities on experimental plots the year 
following removals. In 1996 and 1997, only new experimental plots were chosen, while 
in 1998 we used several control plots from previous years as experimental removal plots, 
in addition to selecting new plots (Ohaco) (Figure I.l).
Individual pairs of birds and their nests were used as independent sample points, 
even if they occurred on the same drainage. While individuals on the same drainage may 
not be entirely independent of each other, we argue that our results are not the result of 
biases in drainage effects because we used completely different sites in 1996, 1997, and 
1998, and we tested for differences between control and experimental drainages (see 
below). We also maximized the number of drainages examined such that no 
experimental drainage had more than two nests examined, and thus no one drainage could 
drive patterns in the data. Overall, we used a total of 21 experimental removal drainages 
and examined 25 experimental nests: 7 experimental drainages in 1996 (2 Virginia’s
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removal, 5 Orange-crowned removal) with 8 experimental nests (3 Orange-crowned, 5 
Virginia’s); 8 experimental drainages in 1997 (2 Virginia’s removal, 6 Orange-crowned 
removal) with 11 experimental nests (3 Orange-crowned, 9 Virginia’s), and 5 
experimental drainages in 1998 (3 Virginia’s removal, 2 Orange-crowned removal) with 
6 experimental nests (3 Orange-crowned, 3 Virginia’s). For comparison, we used 26-34 
control drainages each year, with a total of 174 control nests: 67 control nests in 1996 (25 
Orange-crowned, 42 Virginia’s), 61 control nests in 1997 (38 Orange-crowned, 23 
Virginia’s), and 46 control nests in 1998 (31 Orange-crowned, 15 Virginia’s).
All nests on experimental plots were located between nest building and early 
incubation. Nests on control plots were located at various stages, from building to late 
nestling periods. Nests were located on all plots, primarily by following females to the 
nest. Once found, nests were monitored every 2-4 days on all plots until fledging of 
young, depredation by a predator, or abandonment by the parents (see detailed 
descriptions below). Nests that were located on control and experimental plots were the 
focus o f specific data collected for the variables of interest, outlined below.
Plot Effects
We examined differences between control and experimental plots with respect to 
nest predator species, other ground nesting species, and the general forest bird 
assemblage. In addition, we examined potential effects of shooting on nest predation 
rates in 1997.
Nest predator species. - Hi-8 mm video cameras were used to record incubation
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behavior at nests on control and experimental plots (see below). Tapes were generally 
run simultaneously on control and experimental nests (except in 1998; see below). We 
used the audio portions of these tapes for point counts, and recorded the number o f Red 
Squirrel and Steller’s Jay vocalizations heard from the tapes during a 30 minute period 
from 0600-0630 MST. Predator vocalizations were recorded as independent if they were 
separated by at least two seconds. We used the total number of vocalizations of these two 
prominent nest predators as an index of nest predator density and activity within the 
vicinity o f these focal nests. Because we do not know the specific differences in 
vocalization rates relative to actual predator density, or the relative importance of 
squirrels or jays as nest predators, we standardized point count measurements of each 
species (i.e. squirrel or jay; each year separately) by dividing the number o f vocalizations 
heard during the 30 minutes by the mean values for control plots during that year. We 
then summed standardized Red Squirrel and Steller’s Jay values recorded on each plot to 
achieve a combined index of nest predator abundance. We square-root transformed these 
values (1996, 1998), and compared within years between control and experimental 
removal plots using paired r-tests. Data from 1997 were analyzed using a Wiicoxan Sign- 
Rank test because transformed data did not conform to parametric assumptions. In all 
years, statistical tests tested the two-tailed hypothesis that nest predator abundance (as 
indexed by vocalizations) differed between control and experimental removal plots.
Ground nesting species. - The density of ground nests has been shown to increase 
nest predation rates (Martin 1988a, 1996, Schmidt and Whelan 1998), and thus we 
examined differences between control and experimental removal plots with respect to
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densities of the two other ground nesting passerine species on our study plots. Using the 
same videotape data as for nest predator surveys, we recorded whether or not Dark-eyed 
Jimco (Junco hyemalis) or Red-faced Warbler (Cardellina rubifrons) were heard during 
the 30 minute point count surveys for each plot. We then summed the total number of 
experimental plots (within years) where juncos were present + the total number of 
experimental plots where Red-faced Warblers were present, and compared these values to 
identical values for control plots. We used chi-square goodness-of-fit tests for each year 
to test the two-tailed hypothesis that control and experimental plots differed with respect 
to the numbers of ground nesting species present.
Forest bird assemblage. - Using the same video data as for nest predator and 
ground nester surveys, we recorded all of the bird species heard during the 30 minute 
point count surveys. Within years, we dropped all species that were absent from >75%
of the plots, and compared the overall frequencies of occurrence of the major forest bird 
species between control and experimental plots. We used chi-square contingency tables 
for each year to test the two-tailed hypothesis that control and experimental removal plots 
differed in their frequency of occurrence for other non-focal bird species.
Effects o f  shooting. - In 1997, we fired a .410 shotgun six times on two different 
days on each of three control plots, and compared nest predation rates of ground nests on 
these plots with other nearby control plots. We used the program CONTRAST (Hines 
and Sauer 1989) to test the two-tailed hypothesis that shooting resulted in differences in 
nest predation rates between plots.
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Variables and analyses 
(1) Ecological consequences to coexistence
(i) Nest site vegetation. - For paired control and experimental nests, we measured 
the total number of oak, locust, and maple stems within a 5 m radius circle centered on 
the nest. We chose to measure these values because previous work has shown that 
Orange-crowned and Virginia’s warblers choose nest sites that differ with respect to the 
number and proportion of stems of these three species of trees (Martin 1993a; 1996; 
1998). Control and experimental nests were paired based on similar initiation dates (+/- 
one day; nest initiation defined as the day the first egg was laid), because weather and 
timing of nest initiation is known to influence nest site selection (T.E. Martin, 
unpublished manuscript). For cases where more than one control nest could be paired 
with an experimental nest (i.e. more than one control nest was initiated +/- one day of an 
experimental nest), we calculated a mean value for the control nests and used this value in 
our analysis. We calculated the relative proportions of maple versus locust/oak within the 
5 m radius, as: [number of maple stems / (number of maple stems + locust stems + oak 
stems)] X 100, This value provides the relative proportions of maple versus locust/oak. 
High proportions o f maple characterizes typical Orange-crowned Warbler nests, while 
high proportions of locust and oak characterizes typical Virginia’s Warbler nests (Martin 
1993a; 1996; 1998). We tested if Orange-crowned and Virginia’s warblers shifted their 
nest sites in response to removals of the opposite species by comparing the percentage of 
maple stems within a 5 m radius of their nests between control and experimental plots.
We used paired /-tests to test the two, one-tailed hypotheses that (1 ) Orange-crowned
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Warbler nests on experimental removal plots will have a lower percentage maple 
compared with conspecific nests on control plots, and (2) Virginia’s Warbler nests on 
experimental removal plots will have a higher percentage maple compared with 
conspecific nests on control plots. Data did not require transformations prior to analyses.
(ii) Access to Food. - Mate feeding rate (incubation). - Paired control and 
experimental nests were videotaped for 4-6 hours (0500-1200, MST) during the 
incubation period of nesting. Conspecific nests were paired based on identical clutch 
sizes. Nests were videotaped during the same time period (i.e. during the exact same time 
on the same day) where possible (in almost all nests in 1996 and 1997, but it was not 
possible in 1998) to alleviate influences of environmental variation on nest behaviors.
We also attempted to control for stage of incubation by pairing control and experimental 
nests that were at the same stage (+/- 2 days), or by pairing control and experimental 
nests that were as close to the same stage as possible. When concurrent filming of nests 
was not possible, we filmed nests on days as close to each other as possible, on days with 
similar weather, and during identical times of the day. From videotapes, we recorded the 
total number of times the male visited the nest with food. Visits by the male usually 
resulted in males feeding females; however, in a few cases, males approached the nest 
with food when the female was off the nest. While males in these instances did not feed 
the females, we included these cases as attempted mate feeds and used them in our 
analyses. From the total number of successful and attempted mate feeds, we calculated 
hourly rates of mate feeding for both control and experimental nests for each paired 
sample of videotaped nests. We used paired /-tests to test the one-tailed hypothesis that
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males on experimental removal plots have higher rates of mate feeding during incubation 
compared with males on control plots. Orange-crowned Warblers and Virginia’s 
Warblers differed significantly in their responses to the treatment, thus we separated the 
two species for analysis. It was not necessary to transform data prior to analysis.
Nestling feeding rates. - Paired control and experimental nests were videotaped 
for 4 - 6 hours (0500-1200, MST) during the nestling period. Conspecific control and 
experimental nests were paired based on having the same number of young and at the 
same stage of development. Videotaping nests during the same day was generally not 
possible. Thus, we typically filmed nests on days as close to each other as possible, on 
days with similar weather, and during identical times of the day. From videotapes, we 
recorded the total number of times the adults visited the nest with food. From the total 
number of trips with food, we calculated hourly nestling feeding rates for both control 
and experimental nests within a pair. While food load sizes may have differed between 
control and experimental pairs, we were unable to reliably estimate variation in food 
loads. Both Orange-crowned, and especially Virginia’s warblers, are extremely shy 
around the nests, and video cameras could not be placed within range to accurately 
estimate food loads. Thus, we compared only hourly feeding rates between paired 
control and experimental nests. We used paired r-tests to test the one-way hypothesis that 
pairs on experimental removal plots will have higher hourly feeding rates compared with 
pairs on control plots. Orange-crowned Warblers and Virginia’s Warblers differed in 
their responses to the treatment, thus we separated the two species for analysis. It was not 
necessary to transform data prior to analysis.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
22
(Hi) Nest predation rates. - Outcomes of all control and experimental nests were 
recorded as fledged, depredated, abandoned, or unknown. For nests where adults left 
dead eggs or young in the nest, the outcome was described as "abandoned." For nests 
where young were present in the nests to a point of being capable of fledging (i.e. 10 days 
old, although some may fledge as early as 8 days old), and/or empty nests were matted 
down and feces were located on the nest wall, and/or fledglings were observed in the 
immediate vicinity of the nest, and/or the act of young fledging from the nest was 
observed, the outcome was described as "successful fledging." For nests where eggs 
disappeared or nestlings disappeared before they were capable of fledging and/or empty 
nests or nest linings were tom up or removed, and/or fledglings could not be located near 
the nest shortly after they should have fledged and parents were not actively foraging at 
this time, the outcome was described as "nest contents depredated." For any nest that did 
not fall into any of these categories, the outcome was described as "unknown."
Both outcome of nests and duration that the nest was observed (exposure time) 
were recorded for each nest on control and removal plots. Both control and experimental 
nests were checked every two to four days, and the total number of days from the day the 
nest was discovered to the day the nest fledged or failed was recorded (i.e. number of 
exposure days). When abandonment or depredation occurred, we took the number o f 
days between nest visits (when the event occurred) divided by two, and added this value 
to the total number of days the nest was observed (i.e. exposure days). When fledging of 
young took place between nest visits, we used the stage of young at the last visit to assess 
the probable date of fledging, and calculated the number of days the nest was observed
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using this estimated fledging date (as above). We calculated the daily nest predation rates 
and their standard errors for nests of both species combined, each year separately, 
following Mayfield (1975), Johnson (1979), and Hensler and Nichols (1981). We used 
the program CONTRAST (Hines and Sauer 1989) to test for differences in predation 
rates on control versus experimental nests in each year. Predation rates on Orange- 
crowned and Virginia’s warblers did not differ, either on control or experimental removal 
plots, and thus we lumped the two species in all analyses of nest predation to increase 
power. We used the nest predation rate data to test the one-tailed hypothesis that nest 
predation rates for both species will be lower on plots where the opposite species was 
removed, compared with control plots where the two species coexisted.
(iv) Female predation rates. - Female predation was estimated using the criteria 
described in the Introduction. A female was assumed depredated if (1) her nest was 
depredated and the remains of the female were found near the nest, or (2) if a female 
disappeared after she had a nest with eggs or young and, the female could not be 
subsequently located, and the male increased song rates on its territory. Along with this 
data, we recorded the total number of days from the day the nest was discovered to the 
day the nest fledged or failed (i.e. number of exposure days) as described above for nest 
predation rates. We analyzed daily female predation rates in the same fashion as nest 
predation rates, above. Predation rates on Orange-crowned and Virginia’s warbler 
females did not differ, either on control or experimental removal plots, and thus we 
lumped the two species but examined each year separately for all analyses of female 
predation. With this data, we tested the one-tailed hypothesis that female predation rates
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for both species will be lower on plots where the opposite species was removed compared 
with control plots where the two species coexisted.
(2) Fitness consequences to individuals
(i) Clutch size. - Fecundity of females on experimental and control plots was 
measured by counting the number of eggs in each nest after incubation had begun. We 
used a type III ANOVA to test the one-tailed hypothesis that females of both species 
should lay more eggs, on average, per nest, on removal plots compared control plots. We 
controlled for the effects of date of nest initiation by including it as a covariate in the 
model. We then entered species, year, and treatment into the saturated model as fixed 
factors, and examined interactions between factors.
(ii) Number o f  young fledged. - Number of young fledged was recorded for all 
nests that were known to have fledged young (see nest predation rates above for precise 
definitions) based on the number of young recorded at the last visit to the nest, if the nest 
was known to have fledged. For each nest, the duration that the nest was observed (i.e. 
exposure days; see above), the stage that the nest was found, and the known or estimated 
date of nest initiation were recorded and used in analyses. We used a type III ANOVA to 
test the one-tailed hypothesis that pairs of both species fledged more young, on average, 
per nest, on removal plots compared with control plots. We controlled for the effects of 
date of nest initiation and stage that the nest was found by including them as covariates in 
the model. We then entered species, year, and treatment into the saturated model as fixed 
factors, and examined interactions between factors.
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Bonferroni correction fo r multiple comparisons 
Given that the various data described above were collected from the same pairs of 
Orange-crowned and Virginia’s warblers, these data cannot be viewed as statistically 
independent of each other. Thus, we controlled for increased statistical probabilities of 
significance caused by multiple comparisons on non-independent data using a sequential 
Bonferroni correction (Rice 1989). Nests within each species were viewed as 
independent, and thus we used sequential Bonferroni corrections for each species 
independently. For analyses where the two species were lumped (e.g. number of young 
fledged per nest), f-values were compared to adjusted alpha values for both species 
before the test was deemed statistically significant. For Virginia’s Warblers, we 
conducted a total of 7 statistical tests (including tests where the two species were 
lumped), while for Orange-crowned Warblers, we conducted a total of 7 tests (again 
including tests where the two species were lumped). Thus, we adjusted 0.05 alpha levels 
for 7 tests for Virginia’s Warblers and 7 tests for Orange-crowned Warblers following the 
methods outlined by Rice (1989).
RESULTS 
Plot Effects
Nest predator species. - Nest predator densities (Red Squirrel and Steller’s Jay) 
were nearly identical among years on control plots (Figure 1.4). Similarly, most 
experimental plots used in 1998 were previous control plots in 1996 and 1997 (Figure
1.1), and these 1998 experimental plots had nest predator densities almost identical to
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control plots in all years (Figure 1.4). In contrast, experimental plots in 1997, which 
differed spatially from control plots (Figure 1.1), showed greater tendencies for higher 
predator densities compared with all other plots in all other years (Figure 1.4). Overall, 
nest predator densities did not vary significantly between control and experimental plots 
in 1996 or 1998 {P > 0.25 in both years), but differences approached significance in 1997 
( Z - -1.8, P  = 0.075).
Ground nesting species. - Occurrence of Dark-eyed Juncos and Red-faced 
Warblers combined did not differ between control and experimental plots in 1996 or 1998 
{P > 0.25 in both years); however, juncos and Red-faced Warblers were more abundant 
on experimental plots compared with control plots in 1997 {X- = 4.6, df= \ ,P  = 0.033). 
Given the potential importance of nest densities for nest predation rates (Martin 1988a, 
1996, Schmidt and Whelan 1998), we controlled statistically for the differences in 
densities of ground-nesting species between control and experimental plots in 1997 
(only), using the relationship between density of ground-nesting species and nest 
predation rates (y = -0.0428 + 0.0356x; Figure 1.5).
Forest bird assemblage. - Occurrence of major forest bird community species (i.e. 
species present in >  25% of all censuses within years) did not differ between control and
experimental removal plots in any of the three years {P > 0.25 for all years).
Ejfects o f  shooting. - We found no difference {P > 0.25) in predation rates of 
ground nests on control plots with shooting versus without shooting.
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Removal experiments 
(1) Ecological consequences to coexistence
(i) Nest site vegetation, - Vegetation of Orange-crowned Warbler nest sites on 
control plots, where Virginia’s Warblers coexisted did not differ from plots where 
Virginia’s Warblers had been removed (Figure 1.6).
Nests of Virginia’s Warblers on plots where Orange-crowned Warblers had been 
experimentally removed were placed amidst a greater proportion of maple compared with 
Virginia’s nest sites on control plots where the two species coexisted (Figure 1.7). 
Moreover, these shifted Virginia’s Warbler nests were placed in sites indistinguishable 
from Orange-crowned Warbler nest sites (Mest, P > 0.10)(Figure 1.7).
(ii) Access to Food. - Orange-crowned Warbler feeding rates (both rates of male 
mate feeding of incubating females and nestling feeding rates) on control plots where 
Virginia’s Warblers coexisted did not differ from removal plots where Virginia’s 
Warblers had been experimentally removed (Figure 1.8).
Virginia’s Warblers increased both male matefeeding of incubating females, and 
nestling feeding rates on plots where Orange-crowned Warblers had been experimentally 
removed compared with control plots where the two species coexisted (Figure 1.9). 
Neither of these results, however, were statistically significant following a correction for 
multiple comparisons (Figure 1.9); however, the consistency of these results across 
nesting stages strongly suggests that increased feeding at experimental Virginia's nests is 
a biologically real result.
(Hi) Nest predation rates. - In two out of three years (1996 and 1998), nest
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predation rates were significantly lower on plots where the opposite species had been 
removed compared with nests on control plots (Figure 1.10). In 1997, nest predation 
rates did not differ between control and experimental plots, after correcting for 
differences between control and experimental plots with respect to the densities of other 
ground nesting species (juncos. Red-faced Warblers)(Figure 1.10).
(iv) Female predation rates. - In all three years ( 1996, 1997, 1998), female 
predation rates did not differ between control plots where Orange-crowned and Virginia’s 
Warblers coexisted and experimental plots where the opposite species had been removed 
(Figure 1.11). During this time, a total of 12 female predation events were observed, with 
all female predation occurring away from the nest.
(2) Fitness consequences to individuals
(i) Fecundity. - Females on plots where the opposite species had been removed 
laid more eggs per nest, on average, compared with nests on control plots. This trend was 
consistent across both species; however, results were not statistically significant (Table 
1.2, Figure 1.12).
(ii) Number o f  young fledged. - Nests on plots where the opposite species had 
been removed fledged significantly more young per nest, on average, compared with 
nests on control plots where the two species coexisted (Table 1.2, Figure 1.13). Both 
species showed the same pattern (Table 1.2); however, the effects of treatment varied 
across years (Table 1.2), with 1997 showing no significant effect of treatment on the 
number of young fledged per nest.
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DISCUSSION
A majority of non-experimental (e.g. Lack 1955, Mac Arthur 1958, 1971, Cody 
1974, Mountainspring and Scott 1985, Remsen 1991) and experimental (Alatalo et al. 
1987, Gustafsson 1987, Sherry and Holmes 1988, Cimprich and Grubb 1994, cf. Wiens 
1989b: Table 1.9) studies examining coexistence of avian local guild members have 
focused on competition for food as the major (and sometimes only) interaction between 
bird species within local guilds. In this study, we found evidence that nest predation rates 
were higher for both Orange-crowned and Virginia’s warblers when the two species 
coexisted (control plots) compared with plots where the opposite species was 
experimentally removed (removal plots). Furthermore, the behaviorally subordinate 
Virginia’s Warbler (see Chapter II) suffered reduced access to nest sites and food when 
they coexisted with Orange-crowned Warblers. Overall, these results illustrate that 
interactions among avian local guild members other than competition for food can be 
important in determining overall costs of coexistence within local guilds (see also 
Slagsvold 1978, Martin 1988a, Graveland et al. 1994, Merilâ and Wiggins 1995).
Consequences o f  coexistence and their underlying mechanisms 
Access to nest sites. - Orange-crowned Warblers reduced access to nest sites for 
coexisting Virginia’s Warblers on control plots (Figure 1.7), apparently through both 
exploitative and interference eompetition. Observations of Orange-crowned Warblers 
attacking building female Virginia’s Warblers (even knocking nesting material out of 
their bills) (Chapter II), support the hypothesis that Orange-crowned Warblers may
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exclude Virginia’s Warblers from preferred nest sites through interference. Other 
observations suggest that exploitative competition may be important. In two instances. 
Orange-crowned Warblers were not removed from experimental plots until nests were 
being constructed. At that time, both members of the pair and the nest contents were 
removed, and the nest depression was filled with leaves. Virginia’s Warblers 
subsequently settled on both of these territories, and on one territory, a Virginia’s 
Warbler nest was built in the exact same nest site as was selected by the Orange-crowned 
pair. While Virginia’s Warblers occasionally use old Orange-crowned Warbler nest sites 
on our study plots (T.E. Martin and P.R. Martin, unpublished data), this is the first 
evidence of a preferred nest site being unavailable to Virginia’s Warblers because it was 
already occupied by an Orange-crowned Warbler pair on the same territory. Detailed 
work on nest site choice in these species shows that nest sites differ from other 
superficially similar sites within the territory (Martin 1998), suggesting that nest sites are 
carefully chosen and may well be a limiting and important resource.
Access to food. - While Orange-crowned Warblers reduced access to food for 
coexisting Virginia’s Warblers on control plots (Figure 1.9), mechanisms underlying this 
pattern are not yet fully understood. Virginia’s Warbler females spent less time brooding 
on removal plots, (P.R. Martin, unpulbished data) suggesting that altered time budgets 
resulting from other factors (e.g. shifted nest sites in more favorable microclimatic 
conditions; see discussion in Walsberg 1985; also see Zerba and Morton 1983) may 
underlie increased feeding rates during the nestling period. Limited data also suggest that 
Virginia’s Warblers may have higher foraging success on removal plots compared with
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control plots (M. Jullien, unpublished data), and thus other factors such as interference or 
exploitative competition for food may also be important mechanisms whereby coexisting 
Orange-crowned Warblers limit access to food for Virginia’s Warblers.
Nest predation. - In two of three years. Orange-crowned and Virginia’s warblers 
suffered significantly higher nest predation rates on control plots compared with removal 
plots (Figure 1.10). Even after controlling for higher densities of other ground nesting 
species on removal plots, we found no difference in nest predation rates between 1997 
control and experimental plots (Figure 1.10). Removal plots in 1997 had higher mean 
densities of nest predators (Figure 1.4), and were more peripherally located, when 
compared with removal plots in other years (Figure 1.1). Overall, 1996 and 1998 
removal plots showed the fewest differences from control plots with respect to location 
and densities of nest predators and ground-nesting species, and thus we believe nest 
predation results in 1997 may reflect plot effects in our study.
Further data suggesting that 1997 removal plots are an anomaly with respect to 
nest predation rates are evident in Figure 1.5. Previous work using artificial nests (Martin 
1988a, 1996, Schmidt and Whelan 1998) and real nests (Schmidt and Whelan 1998) have 
shown that increased densities of nests, in particular nests conveying the same phenotype 
to predators (e.g. ground nests, shrub nests), result in higher nest predation rates. 
Similarly, we find that removing Orange-crowned or Virginia’s warblers from 
experimental plots in 1996 and 1998 decreased the densities of ground-nesting species by 
approximately one, corresponding to a linear decrease in nest predation rates with 
decreased density of ground-nesting species (Figure 1.5). Removal of Orange-crowned
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ground-nesting species to approximately the same density as 1997 control plots (Figure 
1.5). Despite having the same densities, 1997 nest predation rates deviate significantly 
from the relationship between nest predation rates and density of ground-nesting species 
(Figure 1.5), potentially reflecting higher nest predator densities evident in Figure 1.4.
Orange-crowned Warblers suffered higher nest predation rates on plots where 
they coexisted with Virginia’s Warblers, and showed no evidence of altered time budgets 
during the nesting periods (e.g. time spent incubating, brooding; P.R. Martin, 
unpublished data). These results suggest that increased nest predation rates when the two 
species coexist do not result from any interactions between behaviors and nest predation, 
but instead simply result from nest density effects on rates of predation (see Figure 1.5; 
see also Martin 1988a, 1996 for other density effects on predation rates on these sites).
Nest predation rates may increase with increased nest density through ( 1 ) 
numerical responses of nest predators to increased densities of prey (i.e. ground nests) 
(Holt 1977), or (2) functional responses o f nest predators to increased densities of prey, 
where nest predators alter their behaviors (such as prey searching behavior) which results 
in increased rates of predation on prey (Holt and Kotler 1987, Martin 1987, 1988a, 1996). 
A numerical response of nest predators is unlikely given that primary nest predators have 
reproductive cycles too long to respond to changes in nest densities (Walker 1964,
Greene et al. 1998), and nest predator abundances were not higher on control plots where 
ground nest density was highest (cf. Figure 1.4). Thus, the functional response 
hypothesis appears the most plausible explanation for increased predation rates on
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Orange-crowned Warbler nests, and likely Virginia’s Warbler nests as well. Positive 
reinforcement following nest depredation may result in nest predators spending more 
time searching for other ground nests, increasing the chances of any nearby ground nests 
being depredated (Holt and Kotler 1987, Martin 1987, 1988a, 1996, Holt and Lawton 
1994). In our experiment, removals of the opposite species reduced overall densities of 
ground nests (Figure 1.5), which would reduce the likelihood of a predator finding a nest 
and thus receiving positive reinforcement to alter foraging behaviors. Overall, this could 
explain reduced nest predation rates on experimental removal plots (Figure 1.10).
Higher nest predation rates on Virginia’s Warbler control nests also suggest a 
similar functional response of nest predators in response to increased densities of ground 
nests. Additional data suggest that Virginia’s Warbler nests placed in maple may also 
suffer lower nest predation rates compared with locust/oak nest sites. On removal plots, 
nests placed in maple suffered lower daily predation rates (0.0329 +/- 0.0145 SE) 
compared with nests in locust/oak (defined as within two standard errors of control mean; 
i.e. < 60% maple; 0.0448 +/- 0.0253 SE). Benefits in terms of reduced rates of nest 
predation in maple sites on removal plots are not evident on control plots where Orange- 
crowned Warblers coexist (Martin 1996), suggesting that nest site shifts cannot be the 
only mechanism causing differences in nest predation rates on removal plots.
Adult predation. - While we found no differences in female predation rates across 
treatments in any of the three years (Figure 1.11), few female predation events each year 
(on average 3 predation events per year; 9.1% of control nests in all three years 
combined) resulted in high variance associated with daily predation rate estimates (Figure
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1.11). This high variance in estimates of female predation rates may have made 
differences between treatments difficult to detect. Some evidence, however, suggests that 
we may not expect female predation rates to vary with treatment as nest predation rates 
do. Adult birds are not stationary prey as nests are, and adult predators on our plots, such 
as Accipiter hawks, frequently fly low into an area and sit and wait for the movement of 
small prey (P.R. personal observations). Given that most small- to mid-sized
insectivorous birds are used as prey, and that all of these species may provide the same 
search image to adult predators (i.e. movement), removal of only one species from the 
forest bird assemblage will have little effect on the overall density of prey for adult 
predators. Removal of a ground-nesting species, on the other hand, decreases the density 
o f ground nests by at least 25% given that at most four ground-nesting passerines coexist 
at one time on our sites in Arizona. Considering the negligible effects of our removals on 
prey densities for adult predators, we believe that the lack of effects of our treatments on 
females predation rates reflect a real pattern, and that coexistence of Orange-crowned and 
Virginia’s warblers on our study plots do not result in increased female predation rates.
Fecundity. - Mean clutch size of nests on removal plots was higher compared 
with nests on control plots for both Orange-crowned and Virginia’s warblers (Figure
1.12). These trends, however, may result from an increased number of renests that follow 
from higher nest predation rates on control plots compared with removal plots (Figure 
1.10). Orange-crowned Warblers showed the highest increase in clutch size on removal 
plots (0.243 egg increase) compared with Virginia’s Warblers, which showed almost no 
difference between control and removal plots (0.057 egg increase on removal plots ).
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Renests of Orange-crowned Warblers following predation events typically have smaller 
clutch sizes (T.E Martin and P.R. Martin, unpublished data), and thus early renests on 
control plots may have resulted in lower mean clutch size for control Orange-crowned 
Warbler nests. Virginia’s Warblers, on the other hand, infrequently renest following 
predation events (as is evident from the synchrony of nests in Figure 1.2), and thus 
increased nest predation and renesting effort may not influence mean clutch size of 
Virginia’s Warblers on control plots as in Orange-crowned Warblers.
Number o f  young fledged per nest. - Experimental nests (for both species) 
fledged over one additional nestling on average, an 86% increase in the number of young 
fledged per nest over control nests. When we consider only 1996 and 1998 results (see 
discussion of 1997 nest predation rates above), experimental nests fledged over two 
additional nestlings per nest, an increase of 179% over the number of young fledged per 
nest on control plots. These large differences in reproductive success between treatments 
suggest a strong cost of coexistence for both Orange-crowned and Virginia’s warblers.
Orange-crowned and Virginia’s warblers did not differ in the effects of removal 
on the number of young fledged per nest (see treatment x species interactions term; Table
1.2), suggesting that both species may suffer equal costs of coexistence in terms of the 
number of young fledged per nest. This seems surprising, given that Virginia’s Warblers 
suffer reduced access to nest sites and reduced access to food, as well as increased nest 
predation when they coexist with Orange-crowned Warblers, whereas Orange-crowned 
Warblers only suffer higher nest predation when they coexist with Virginia’s Warblers. 
Nest predation, however, accounts for the majority of nest failures in these two species on
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our study plots (87.9 % of control nests in 1996, 1997, and 1998 combined), and thus nest 
predation is manifested in the number of young fledged per nest more so than other 
factors such as nest sites and food resources. Instead, costs associated with reduced 
access to nest sites and food resources for Virginia’s Warblers coexisting with Orange- 
crowned Warblers may be manifested in other components of fitness such as post­
breeding adult and juvenile survival that were unmeasured in this study. For example, 
improved nest microclimate may influence physiological costs to incubating and 
brooding females and nestlings (see Walsberg 1985), which may in turn influence post­
breeding female and juvenile survival. Similarly, reduced access to food may influence 
adult condition and nestling development, and in turn influence unmeasured post­
breeding adult and juvenile survival (see references in Martin 1987). Thus, while we are 
unable to demonstrate differences between the two species in terms of fitness-related 
costs of coexistence, we believe (1) that realized fitness costs of coexistence may be 
higher than those suggested by reproductive success to fledging data, and (2) that other 
fitness costs of coexistence (e.g. in terms of adult and juvenile survival) may be higher 
for Virginia’s Warblers when compared to Orange-crowned Warblers.
Implications fo r community ecology 
Overall, removal experiments illustrate that (1) Orange-crowned and Virginia's 
warblers do not coexist independently of each other, (2) interactions between the two 
species are complex, (3) these interactions have fitness consequences for individuals, and 
(4) costs of coexistence for the two species appear to be quite large. In addition, costs of
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coexistence for the behaviorally dominant Orange-crowned Warbler are manifested 
through indirect interactions between Orange-crowned and Virginia’s warblers mediated 
by nest predator behavior. Costs of coexistence for the behaviorally subordinate 
Virginia’s Warbler, conversely, appear to be manifested through both indirect interactions 
(e.g. through nest predators), and direct interactions (e.g. interference competition for nest 
sites). This pattern may be expected, given that Virginia’s Warblers are subordinate in all 
behavioral interactions with Orange-crowned Warblers (Chapter II), thus reducing the 
potential for Virginia’s Warblers to directly, negatively influence coexisting Orange- 
crowned Warblers. This pattern of indirect interactions underlying costs to both the 
behaviorally dominant and subordinate competitors, and direct interactions causing costs 
to only the subordinate competitor, may prove to be a more general pattern in nature, 
although few intensive studies are available to test this relationship.-
The asymmetrical relationship of Orange-crowned and Virginia’s warblers is a 
common pattern among species that segregate along environmental gradients (e.g.
Connell 1961, Jaeger 1971a, b, Morse 1974, Robinson and Terborgh 1995). The 
dominant Orange-crowned Warbler occupies cooler, moister habitat that extends 
northward geographically and upward elevationally relative to Virginia’s Warblers (cf. 
Figure 1.3). Nest site shifts illustrate that Virginia’s Warblers prefer maple nest sites, but 
are excluded by Orange-crowned Warblers. Nonetheless, Virginia's Warblers are
A variety o f studies illustrate how predation can depress dominant competitor species to allow 
coexistence o f subordinate competitor species (e.g. Paine 1966); however, these studies did not 
examine whether or not the two competitor species increase costs o f coexistence for each other 
through a shared predator.
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adapted less preferred, drier, locust/oak sites (Martin 1998), which characterize their 
typical habitat across their geographic range (Dunn and Garrett 1997). Orange-crowned 
Warblers, conversely, are not adapted to locust/oak nest sites (Martin 1998), and do not 
shift their nest sites out of maple habitat in the absence of Virginia’s Warblers. Overall, 
this asymmetrical pattern, where the dominant species occupies preferred habitat and is 
not adapted to habitat where the subordinate species occurs, while the subordinate species 
is adapted to a variety of habitats but is excluded from preferred habitat by a dominant 
competitor, may be a common pattern in nature. This pattern may be particularly 
prominent among closely-related and/or ecologically similar species that segregate along 
environmental gradients on a variety of spatial scales (e.g. barnacles, Connell 1961, 
salamanders, Jaeger 1971a, b, crayfish, Bovbjerg 1970; see discussion by McIntosh 1970, 
Morse 1974; see also Whittaker 1956, 1967, Miller 1964, Bovbjerg 1970, Heller 1971, 
Terborgh 1971, Terborgh and Weske 1975, Hixon 1980, Robinson and Terborgh 1995).
Given the strong and complex interactions between coexisting Orange-crowned 
and Virginia’s warblers, we may expect less intense interactions to be common among 
other local guild members that show fewer ecological similarities (see also Martin 1996). 
Aggressive interactions among bird species may provide a sign of costs of coexistence 
within local guilds (e.g. Chapter II). Within the four ground-nesting species on our study 
plots, aggressive interactions between Red-faced Warblers, Dark-eyed Juncos, and the 
two Vermivora species studied here, have been regularly observed, occasionally directed 
at nest building females (T.E. Martin and P.R. Martin, unpublished data). Within the 
foliage-gleaning insectivore guild, Yellow-rumped Warblers (Dendroica coronal a) and
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Mountain Chickadees {Poecile gambeli) have frequently been observed displacing both 
Orange-crowned and Virginia’s warblers in foraging trees, while interactions also occur 
with other foliage-gleaning insectivore species with less frequency (P.R. yiariin, personal 
observations). If these aggressive interactions result from ecological interactions among 
species (as in Chapter II), then they suggest that ecological consequences of coexistence 
for local guild members may be quite common in central Arizona, and likely in other 
communities as well (cf. Putwain and Harper 1970, Fowler 1981).
Studying interactions within local guilds 
Historically, most studies examining interactions among local guild members 
have been criticized for lacking (I) experimental approaches, (2) examinations of fitness 
consequences of interactions, (3) examinations of interactions at the level of the 
individual, (4) tests of alternative potential ecological consequences of coexistence, (5) 
tests o f various mechanisms whereby interactions among local guild members cause 
ecological and fitness consequences for coexistence, and (6) examinations of interactions 
under natural conditions (Mac Nally 1983, Wiens 1983, 1989a;b, Martin 1986, 
Underwood 1986). While there are notable exceptions to some of these criticisms (e.g. 
avian local guilds: Hogstedt 1980, Cimprich and Grubb 1994, Gustafsson 1987, cf. Wiens 
1989b; Table 1.9), few studies, including ours, address all of these criticisms.
Nonetheless, examining interactions between coexisting Orange-crowned and Virginia's 
warblers provides us with an illustrative example of why some of these criticisms may 
prove important in studies of species interactions within local guilds.
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(1) Experimental approaches. - Orange-crowned Warblers saturate suitable snow- 
melt drainage habitat. Thus, without removal experiments to test the importance of 
Orange-crowned Warblers for coexisting Virginia’s, we would have to rely on 
comparisons of Virginia’s Warblers coexisting with Orange-crowned Warblers within 
snow-melt drainages versus Virginia’s Warblers occurring in other habitats (e.g. adjacent 
habitat) where Orange-crowned Warblers do not occur. Data on Virginia’s Warbler 
reproductive success from other adjacent habitat without Orange-crowned Warblers, 
however, suggests that reproductive success is similar to snow-melt drainage habitat 
(Chapter II: Figure 2.8). This comparison may suggest no costs of coexisting with 
Orange-crowned Warblers, but it fails to take into account possible differences in habitat 
quality, and thus misses the important fitness costs of interactions between the two 
species within snow-melt drainage habitat.
(2) Fitness consequences o f  interactions. -Fitness costs of coexistence are inherent 
in a variety of definitions of competition (cf. Elton and Miller 1954, Roughgarden 1979, 
Gustafsson 1987), but demonstrating fitness costs is also important for understanding 
and/or predicting evolutionary consequences of species interactions (e.g. Schluter 1994). 
and habitat selection by individuals (Chapter II). Here we document relatively high 
fitness costs of coexistence for Orange-crowned and Virginia’s warblers. Examining 
these results in the context of other factors that influence the potential for natural 
selection to drive evolutionary changes in populations (e.g. spatial and temporal patterns 
of coexistence; Connell 1980, Endler 1986), provides important insights into predicting 
evolutionary consequences of their interactions (see below). Further data examining
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potential fitness consequences for Virginia’s Warblers settling in maple habitat with 
Orange-crowned Warblers versus adjacent oak/locust habitat without Orange-crowned 
Warblers, provides further insights into habitat selection of Virginia’s Warblers. Similar 
reproductive success in both habitats suggests that Virginia’s Warblers should not avoid 
settling with Orange-crowned Warblers - a result that is not entirely intuitive given the 
substantial costs of coexistence for Virginia’s Warblers illustrated here (see Chapter II). 
Overall, fitness consequences of coexistence with other species and of settling in 
alternative habitats and communities can provide important insights into behavioral 
decisions and potential selective pressures influencing species within local guilds.
(3) Examining interactions at the level o f  the individual. - Studies examining the 
consequences of coexistence for local guild members frequently measure population-level 
responses of species to experimental treatments (e.g. Wiens 1989a, b, Grace and Tilman 
1990). While individual-level consequences necessarily underlie population-level 
consequences, patterns at the population-level may not always reveal individual-level 
processes. For example, removal of Orange-crowned and Virginia’s warblers from 
Arizona study plots altered predation rates on nests for both species and access to nest 
sites and food for Virginia’s Warblers, and resulted in overall higher reproductive success 
for individuals of both species. These individual-level consequences, however, were not 
apparent at the population level, as densities of Orange-crowned and Virginia’s warblers 
did not change on removal plots (P.R. Martin, unpublished data). In addition, year-to- 
year variation in population sizes and high juvenile dispersal masked any potential, 
measurable increase in overall population size that may have resulted from removal
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experiments. Similarly, mechanisms that may underlie interactions between Orange- 
crowned and Virginia's warblers (such as shifted time budgets of females) are not 
discernable at the population level, and are only evident from detailed obser\ ations of 
individuals. Overall, population-level studies have been successful in demonstrating 
species interactions within local guilds (see Wiens 1989b); however, we may expect that 
some experiments may not demonstrate population-level consequences of interactions 
that are nonetheless important, while mechanisms underlying costs of coexistence ma\ 
only be discernable through detailed observations of individual organisms.
(4) Testing alternative hypotheses. - In studies examining interactions among 
avian local guild members, food resources have been the predominant resource examined, 
particularly since the influential works of Mac Arthur (1958) and his students (e.g. Cody 
1974, see above). In the case of Orange-crowned and Virginia’s warblers, food resources 
are only one part of the interaction, and may not underlie the largest fitness costs of 
coexistence. While secondary cavity nest sites are well known as potentially limiting 
resources that species may compete for (e.g. Slagsvold 1978, Minot and Perrins 1986, 
Gustafsson 1988, Merila and Wiggins 1995), open cup nests have usually been assumed 
to be unlimited in supply based on the apparent multitude of sites to choose from 
(Ricklefs 1969). Work on Orange-crowned and Virginia's warblers, however, illustrate 
that open cup nest sites are not necessarily as abundant as once thought. Moreover, this 
pattern may not be limited to this pair of species. Other open cup nesting species appear 
to selectively choose nest sites as well (e.g. Walsberg 1981, Martin and Roper 1988, 
Martin 1996, 1998), and observations of interspecific aggression directed specifically
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towards building females (e.g. American Robin towards Hermit Thrush, Catharus 
guttatus; Dark-eyed Junco towards Orange-crowned Warbler; P.R. Martin, persofial 
observations)^ and birds taking over nest sites occupied by another species (e.g. Two- 
striped Warbler, Basileuterus bivittatus taking over a Brown-capped Redstart, Myioborus 
brunneiceps, nest during construction; P.R. Martin, personal observations) all suggest 
that competitors may limit access to nest sites in other species of open-cup nesting birds. 
Overall, interactions among birds have predominately been viewed from the perspective 
of food, without considering other potential resources or indirect interactions through 
predators and parasites (see Martin 1987, 1988a, 1996, Hoi and Winkler 1994, Barber 
and Martin 1997, Schmidt and Whelan 1998). Such potential interactions must be 
considered if we are to fully understand how local guild members coexist.
(5) Examining alternative mechanisms. - While we are as yet unable to describe 
all of the mechanisms involved in interactions between coexisting Orange-crowned and 
Virginia’s warblers, some evidence suggests that interactions may be complex. For 
example, removal o f Orange-crowned Warblers resulted in increased feeding rates at 
Virginia’s Warbler nests, which strongly suggests that the two species compete for food. 
While competition for food may well be important, female Virginia’s Warblers also 
brooded less during the nestling period, and thus potentially had more time to forage.
This shift in the time budgets of females on removal plots may have resulted from 
improved nest microclimate in maple that allowed females to spend less time brooding 
young, or reduced risk of nest predation that allowed females to spend less time guarding 
nests. In these cases, increased feeding rates on removal plots, that on the surface suggest
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competition for food, may actually result from competition for nest sites or interactions 
through nest predators that influence time budgets of females.
Should we expect evolutionary consequences from interactions betM>een 
Orange-crowned and Virginia’s warblers?
One of the central questions in community ecology has been to what extent 
interactions among species within a community result in evolutionary changes over time 
(e.g. Connell 1980, Schluter 1994). Given fairly large fitness costs of coexistence for 
Orange-crowned and Virginia’s warblers, we may ask if interactions may lead to 
evolutionary change (e.g. ecological divergence) over time. To discuss this possibility, 
we must examine (1) temporal patterns of coexistence, (2) spatial patterns of coexistence,
(3) the amount of genetically-based variation for ecologically-important traits within 
these populations, (4) fitness differences that correspond to genetically-based variation, 
and (5) levels of gene flow between sympatric and allopatric populations. (1) How long 
Orange-crowned and Virginia’s warblers have coexisted is not known. Habitat, 
characteristic of where they coexist in Arizona, however, has shifted significantly during 
the past 35,000 years (Anderson 1993, Hasbargen 1994), and the two species have only 
recently met. (2) The majority of the distributional ranges of both Orange-crowned and 
Virginia’s warblers falls outside of areas of sympatry with the opposite species. While 
most of the geographic breeding range of Virginia’s Warblers overlaps that of Orange- 
crowned Warblers (Figure 1.3a), these two species only coexist over a portion of their 
elevational distributions (Figure 1.3b). (3) The genetic basis of behaviors such as nest
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site choice is not known. However, if we assume high heritability for variation in nest 
site choice that encompasses the entire Vermivora genus, we still may not expect the two 
species to diverge. (4) For example, shrub-nesting or secondary cavity-nesting guilds in 
central Arizona are diverse (Martin 1987), and costs of coexisting with other shrub- 
nesting or cavity-nesting guilds may be even higher than coexisting with other ground 
nesters, with higher nest predation rates on shrub nests (Martin 1996, 1998), and limited 
cavities for secondary cavity nesters (Martin 1993b). (5) High gene flow between lower 
elevation Virginia’s Warbler populations allopatric to Orange-crowned Warblers and our 
Arizona study sites is likely given their proximity and the apparent movements of 
Virginia’s Warblers up and down in elevation with year-to-year variation in weather (T.E. 
Martin, unpublished data). If levels of gene flow between allopatric and sympatric 
populations are indeed high, gene flow may overwhelm selection for any traits that only 
provide benefits when the two species coexist.
While we lack quantitative data to adequately examine the potential for evolution 
in our populations, evidence above suggests that we may not expect Orange-crowned and 
Virginia’s warblers to diverge ecologically over time, despite the relatively high fitness 
costs of coexistence. Spatial overlap of the two species is limited to portions of their 
geographic and elevational ranges, while gene flow between allopatric and sympatric 
populations is probably high. In addition, fitness benefits of alternative ecological 
strategies may be unlikely given the presence of other species within the community. 
Overall, we should expect to see fitness costs of coexistence within local guilds without 
evolutionary consequences specific to their interactions. Instead of the evolution of
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specific traits for specific competitors, we may expect selection to favor traits (e.g. 
behavioral) that function in ameliorating costs of coexistence with a variety of different 
species that coexist in different communities across a species’ geographic range.
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Table 1.1. Potential ecological consequences for coexisting Orange-crowned and 
Virginia’s warblers.
(A) Limiting Resources
(i) nest sites ~ Orange-crowned and Virginia’s warblers both place their nests on 
the ground at the base of small saplings (Martin 1993a, 1996, 1998), and have been 
observed using the exact same nest sites in different years (T.E. Martin, P.R. Martin, 
unpublished data). In addition. Orange-crowned Warblers have been observed 
aggressively attacking female Virginia’s Warblers during nest construction (Chapter II).
in) food  - Both Orange-crowned and Virginia’s warblers share similar foraging 
strategies (M. Jullien, unpublished data)., foraging substrates (M. Jullien, unpublished 
data), and feed nestlings a large proportion of larval lepidoptera (T.E. Martin, P.R. 
Martin, unpublished data). In addition, foraging speed of adults during nesting periods 
are at times quite high (M. Jullien, unpublished data), suggesting that individuals of both 
species may be constrained in the amount of time available for foraging.
(iii) other limiting resources - Other studies have demonstrated limited roost sites, 
calcium, water, and other resources in various avian systems. We have no evidence to 
suggest similar limitations in this system, and we do not suspect that these are important 
for interactions between coexisting Orange-crowned and Virginia’s warblers.
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(B) Predation
(i) nests - Orange-crowned and Virginia’s warblers share the same nest predators 
on our study sites in central Arizona (Martin 1988b; 1993; T.E. Martin, P.R. Martin, 
unpublished data), and thus these two species could potentially interact through shared 
nest predators (Martin 1987, 1988a, 1996). In addition, artificial nest studies conducted 
at our field sites (Martin 1988a; 1996) illustrate increased nest predation rates with 
increased density o f nests conveying the same phenotype (i.e. ground nests versus shrub 
nests).
(ii) adults - Orange-crowned and Virginia’s warblers share the same adult 
predators on our study sites in central Arizona (T.E. Martin, P.R. Martin, unpublished 
data), and thus these two species may potentially interact through adult predation.
(iii) fledglings - We have few data on predation of fledglings. Elowever, Orange- 
crowned and Virginia’s warblers undoubtably share the same fledgling predators on our 
study sites in central Arizona. Nonetheless, fledgling predation was not examined in this 
study because accurate assessments of fledgling predation were not possible.
(C) Parasitism
(i) brood parasitism - There were no cases of brood parasitism on our study plots 
during the period of our study (1996-1998).
(ii) nests - No parasites were found within the nests of Orange-crowned and 
Virginia’s warblers on our study sites (M. Revels, unpublished data), so this mechanism 
is not believed to be important in mediating interactions between the two species.
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(iii) ectoparasites - Examination of carcasses of adult birds of both species for 
ectoparasites yielded no parasites. Similarly, no ectoparasites have been found on 
nestlings or fledglings of these two species on our study sites in Arizona. Thus, we 
believe that ectoparasites are an unlikely mechanism for ecological interactions between 
the two species.
(iv) endoparasites (including disease) - Examination of adult and nestling 
Orange-crowned and Virginia’s warblers for endoparasites (blood parasites and parasites 
within the digestive tract) found endoparasites to be rare in these two species (C. Olson, 
T.E. Martin, unpublished data). In addition, we have seen no evidence of disease (e.g. 
pox) on Orange-crowned and Virginia’s warblers on our study sites. Thus, we believe 
that endoparasites are an unlikely mechanism for ecological interactions between these 
two species.
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Table 1.2. (1) Fitness Correlates. Results from ANOVAs testing for differences in clutch 
size and the number of young fledged (both per nest) between pairs of both Orange- 
crowned and Virginia’s warblers on plots where the two species coexisted compared with 
plots where the opposite species was experimentally removed. Results in boldface are of 
significant interest to the specific hypotheses being tested. See Methods for detailed 
descriptions of factors and covariates listed below.
clutch size
dependent variable F  d f
fixed factor (ff) / covariate (cv)
date of first egg (cv) 66.7 1 0.0001
treatment (ff) 1.1 1 0.145'
species (ff) 8.3 1 0.005
year (ff) 4.0 2 0.020
treatment x species 0.4 1 0.51
treatment x year 0.4 2 0.70
species x year 0.2 2 0.81
treatment x species x year 0.4 2 0.68
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number of young fledged per nest
stage that nest was found (cv) 31.3 1 0.0001
date of first egg (cv) 2.3 1 0.13
treatment (ff) 8.4 1 0.0021***
species (ff) 0.05 1 0.83
year (ff) 5.0 2 0.008
treatment x species 0.05 1 0.83
treatment x year 11.2 2 0.0001***'
species x year 0.00 2 1.00
treatment x species x year 1.0 2 0.37
*** indicates P < 0.05 after sequential Bonferroni correction for multiple comparisons 
(within species; see Methods)
' indicates one-tailed test
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
Figure Legends
Figure 1.1. Mogollon Rim study site, located 95 km southeast of Flagstaff, central 
Arizona, U.S.A. The same control plots were used in 1996, 1997, and 1998. 
Experimental removal plots differed between years. Control plots are marked as C. 
Experimental plots are marked as E, and are identified by the year that they were used. 
C/E refers to plots used as controls in 1996 and 1997, and as experimental plots in 1998. 
Figure 1.2. Percentage of nests that were active for each day during the breeding season 
of 1997 (a typical year) for coexisting Orange-crowned and Virginia’s warblers on our 
study sites in central Arizona (control nests). Orange-crowned Warblers commence 
breeding earlier, on average, compared with Virginia’s Warblers, although the two 
species overlap significantly. Graph includes renesting attempts following predation 
events, which are common for Orange-crowned Warblers, but infrequent for Virginia’s. 
V =  38 nests for Orange-crowned Warblers, and 23 nests for Virginia’s Warblers.
Figure 1.3. (a) Geographic breeding distributions of Orange-crowned and Virginia’s 
warblers, illustrating areas of overlap. Based on Scott (1987), Peterson (1990), and 
Sogge et al. (1994). (b) Elevational distributions of Orange-crowned (ocwa) and 
Virginia’s (viwa) warblers in two areas of sympatry. Data from Bailey (1928), Ligon 
(1961), Andrews and Righter ( 1992), Sogge et al. (1994), Taylor (1995), and Dunn and 
Garrett (1997).
Figure 1.4. Indices of nest predator density (Red Squirrel and S teller’s Jay, combined) 
on control and experimental plots in 1996, 1997, and 1998. See Methods for details.
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Figure 1.5. Relationship between the relative density of ground-nesting species, and 
mean daily nest predation rates on Orange-crowned and Virginia's warbler nests. See 
discussion for potential plot effects on 1997 experimental nests. The relationship 
described by the regression line is y = -0.0428 + 0.0356x. Points represent values for 
each control and experimental plot for 1996, 1997, and 1998. Excluding 1997 
experimental plots, r  = 0.84, P = 0.028.
Figure 1.6. Percentage of maple stems within a 5 m radius of Orange-crowned Warbler 
nests (mean +/- SE) on plots where Virginia’s Warblers were present (viwa present; 
control), compared with plots where Virginia’s Warblers had been experimentally 
removed (viwa removed). Typical Virginia’s Warbler nests are included for comparison. 
A paired /-test tested the one-tailed hypothesis that Orange-crowned Warbler nests on 
plots where Virginia’s Warblers had been removed would shift their nest sites to sites 
with less maple (i.e. to sites more similar to Virginia’s Warbler nest sites), compared with 
nests on plots where Virginia’s Warblers were present.
Figure 1.7. Percentage of maple stems within a 5 m radius of Virginia’s Warbler nests 
(mean +/- SE) on plots where Orange-crowned Warblers were present (ocwa present; 
control), compared with plots where Orange-crowned Warblers had been experimentally 
removed (ocwa removed). Typical Orange-crowned Warbler nests are included for 
comparison. A paired /-test tested the one-tailed hypothesis that Virginia’s Warbler nests 
on plots where Orange-crowned Warblers had been removed would shift their nest sites 
to sites with more maple (i.e. to sites more similar to Orange-crowned Warbler nest sites), 
compared with nests on plots where Orange-crowned Warblers were present. ***
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indicates P < 0.05 after sequential Bonferroni correction for multiple comparisons (within 
each species; see Methods).
Figure 1.8. Percent difference in feeding rates (mean +/- SE) at Orange-crowned 
Warbler nests on plots where Virginia’s Warblers were present (control), and on plots 
where Virginia’s Warblers had been experimentally removed. Differences represent 
values for experimental nests - control nests (i.e. the “change” in feeding rates when 
Virginia’s Warblers were removed). Feeding rates were measured during incubation 
(rates of male matefeeding of incubating females on the nest), and during the nestling 
period (nestling feeding rates), f-values are from two paired /-tests testing the one-tailed 
hypotheses that Orange-crowned Warblers fed more on plots where Virginia’s Warblers 
were removed. See Results for /-values and df.
Figure 1.9. Percent difference in feeding rates (mean +/- SE) at Virginia’s Warbler nests 
on plots where Orange-crowned Warblers were present (control), and on plots where 
Orange-crowned Warblers had been experimentally removed. Differences represent 
values for experimental nests - control nests (i.e. the “change” in feeding rates when 
Orange-crowned Warblers were removed). Feeding rates were measured during 
incubation (rates of male matefeeding of incubating females on the nest), and during the 
nestling period (nestling feeding rates). P-values are from two paired /-tests testing the 
one-tailed hypotheses that Virginia’s Warblers fed more on plots where Orange-crowned 
Warblers were removed. See Results for /-values and df.
Figure 1.10. Daily nest predation rates (i.e. daily mortality rates) (mean +/- SE) of nests 
o f Orange-crowned and Virginia’s warblers (combined) on plots where the two species
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coexisted (control), compared with plots where the opposite species had been 
experimentally removed (removal). Results for 1996, 1997, and 1998 are shown 
separately with the same axes. Statistics summarize results of three chi-square analyses 
using the program CONTRAST, testing the one-tailed hypothesis that nests on plots 
where the opposite species had been removed should be subject to lower rates of 
predation. Sample sizes (control, removal) for each year are as follows: 1996, A = 67, 7 
nests; 745, 152 exposure days; 1997, N=  61, 12 nests; 887, 137 exposure days; 1998, A  = 
43, 5 nests; 566, 87.5 exposure days. *** indicates P < 0.05 after sequential Bonferroni 
correction for multiple comparisons (within each species; see Methods).
Figure 1.11. Daily predation rates on nesting females (i.e. daily mortality rates) (mean 
+/- SE) for Orange-crowned and Virginia’s warblers (combined) on plots where the two 
species coexisted (control), compared with plots where the opposite species had been 
experimentally removed (removal). Results for 1996, 1997, and 1998 are shown 
separately with the same axes. Statistics summarize results of three chi-square analyses 
using the program CONTRAST, testing the one-tailed hypothesis that females on plots 
where the opposite species had been removed should be subject to lower rates of 
predation. Sample sizes (control, removal) for each year are as follows: 1996, V =  66, 8 
females; 729, 153.5 exposure days; 1997, V =  59, 12 females; 883, 137 exposure days; 
1998, N =  46, 6 females; 566, 91.5 exposure days.
Figure 1.12. Clutch size per nest (mean +/- SE) for pairs of Orange-crowned and 
Virginia’s warblers (combined) on plots where the two species coexisted (control), 
compared with plots where the opposite species had been experimentally removed
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(removal). Statistics represent summaries from a type III ANOVA (see Table 1.2). 
Values represent estimated marginal means and their standard errors calculated from the 
ANOVA model, f-value is one-tailed, testing the a priori prediction that pairs on plots 
where the opposite species had been removed would lay, on average, more eggs per nest. 
Figure 1.13. Number of young fledged per nest (mean +/- SE) for pairs of Orange- 
crowned and Virginia’s warblers (combined) on plots where the two species coexisted 
(control), compared with plots where the opposite species had been experimentally 
removed (removal). Statistics represent summaries from a type III ANOVA (see Table 
1.2). Values represent estimated marginal means and their standard errors calculated 
from the ANOVA model. P-value is one-tailed, testing the a priori prediction that pairs 
on plots where the opposite species had been removed would fledge, on average, more 
young per nest. *** indicates P < 0.05 after sequential Bonferroni correction for multiple 
comparisons (within each species; see Methods).
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Chapter II
Behavioral interactions between two coexisting wood warblers 
(Parulidae: Vermivora): natural interactions, song playback 
experiments, settlement patterns, 
and implications for fitness costs o f coexistence.
80
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INTRODUCTION
Understanding how species behave towards other coexisting species within local 
guilds is important for understanding how species influence each other’s patterns of 
resource use and behaviors. Behavioral interactions among local guild members may 
result from non-adaptive responses, such as misdirected intraspecific aggression (Murray 
1971, 1976, 1981). Alternatively, behavioral interactions among local guild members 
may be adaptive, and thus be favored through natural selection to reduce fitness costs or 
increase fitness benefits to individuals interacting with other species. For example, 
fitness costs of coexistence may be reduced through aggression directed at heterospecific 
competitors, whereby ecological overlap with competitor species (e.g. spatial overlap of 
territories) is reduced through aggressive interactions (Orians and Willson 1964). 
Similarly, fitness benefits of coexistence, such as those hypothesized for mixed-species 
flocks, may result in species responding to the presence of other species by positive 
association (e.g. flocking together) (Morse 1977, Barnard and Thompson 1985).
Orange-crowned (Vermivora celata) and Virginia’s (V. virginiae) warblers have 
spatially and temporally overlapping breeding territories in central Arizona, U.S.A., and 
use similar food resources, nest sites, and share nest predators (Martin 1993, 1998, 
Chapter I). Coexistence of Orange-crowned and Virginia’s warblers results in fitness 
costs for individuals of both species compared with individuals that bred on territories 
where the opposite species was experimentally removed (Chapter I). Given these fitness 
costs, we may expect Orange-crowned and Virginia’s warblers to potentially exhibit 
behavioral strategies that minimize fitness costs of coexistence, should conditions (e.g.
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low gene flow between allopatric and sympatric populations, suitable levels of 
genetically-based variation for ecologically-important traits) have favored their evolution.
In this study, we examine natural aggressive interactions among Orange-crowned 
and Virginia’s warblers and use song playback experiments to examine how each species 
responds to presence of the other species. We also examined if Virginia’s Warblers 
preferentially settle (1) on territories where Orange-crowned Warblers have been 
experimentally removed compared with adjacent territories where Orange-crowned 
Warblers were present, or (2) on territories in pine-oak-locust habitat where Orange- 
crowned Warblers do not occur (microallopatric) compared with adjacent maple habitat 
where Orange-crowned Warblers occur (microsympatric). We discuss results from the 
perspective of misdirected intraspecific aggression, and from the perspective of fitness 
costs of coexistence for each species and the ecological mechanisms and selection 
pressures that may favor different behavioral responses.
STUDY AREA AND METHODS 
Study area
We studied Orange-crowned and Virginia’s warblers on snow-melt drainages 
located on the Mogollon Rim in central Arizona, U.S.A. (34° 25' N; 111° 10' W) at 
approximately 2,300 m elevation. The forest is comprised of quaking aspen (Populus 
tremuloides), douglas-fir (Pseudotsuga menziesii), white fir {Abies concolor), ponderosa 
pine {Pinus ponderosa), white pine (Pinus strobiformis), and gambel oak {Quercus 
gambellii). Understory vegetation was comprised primarily of canyon maple {Acer
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gradidentatum). New Mexican locust (Robinia neomexicana), saplings of overstory tree 
species, golden pea {Thermopsis pinetorum), raspberry (Ruhus strigosus), and various 
grasses. Overall, the distribution of plant species varied across the width o f the snow- 
melt drainages, with pine, oak, and locust dominating the upper slopes, and aspen and 
maple dominating the bottom of the drains (Martin 1998). Forest surrounding the snow- 
melt drainages differs markedly from forest within the drainages, and is characterized by 
open ponderosa pine with locust and oak in the subcanopy and little understory 
vegetation (Martin 1998). For more details on the study site and forest bird community, 
see Martin (1988a, 1993, 1998, Chapter I).
Study species
Orange-crowned and Virginia’s warblers are ecologically-similar, closely-related 
oscine passerines in the family Parulidae. Both species nest on the ground, usually at the 
base o f small trees. Both species are predominately insectivorous on their breeding 
grounds, obtaining insects and other arthropods primarily by gleaning from foliage or by 
probing into leaf buds. In addition, both species share the same adult and nest predators 
(see Chapter I). Orange-crowned Warblers are heavier than Virginia’s (9.0 g versus 7.8 
g, respectively; Dunning 1993). Orange-crowned Warblers arrive at the study sites in 
Arizona earlier on average than Virginia’s Warblers, and commence nesting earlier in the 
season (Chapter I; Figure 1.2). Both species, however, overlap nesting significantly both 
temporally and spatially, and completely overlap breeding territories on our study sites 
(Chapter I: Figure 1.2, Martin 1998). See Martin (1998) and Chapter I for more details.
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Natural interactions 
Natural interactions between Orange-crowned and Virginia’s warblers were 
recorded during the course of field work in 1995, 1996, 1997, and 1998. Details of the 
interactions recorded included the role of each species in the interaction (e.g. which 
species was the aggressor in an aggressive interaction), and the behaviors of each 
individual (e.g. male Orange-crowned Warbler supplanted male Virginia’s Warbler; 
Orange-crowned began singing at high rates following supplant, while male Virginia’s 
stopped singing for a short period after being attacked).
Experimental song playback 
Playback setup. - Song playback experiments and the methods below follow 
Martin et al. (1996), except that conspecific stimuli were always broadcast last (Table
2.1). Song playback experiments were performed on 18 territorial male Orange-crowned 
Warblers from 6-10 May 1997 (N = 12), and from 15-17 June 1998 (V= 6), and on 18 
territorial male Virginia’s Warblers from 6-14 May 1997 (V= 12), and from 19 May to 
20 June 1998 (V — 6). Playback experiments were performed in the morning (0600-1200 
MST), in all weather conditions judged not to affect the response of the birds or the 
ability of the observer to follow the birds (e.g., in high winds or heavy rains).
Each playback experiment lasted 11 minutes, during which focal males were 
followed continuously, and three song stimuli were broadcast (see Table 2.1). This 
repeated-measures design was used to control for inter-subject variation, environmental 
influences, factors of time and seasonality, and inter-observer bias. Song stimuli were
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presented to focal territorial males at fixed volumes from within their territories. A 3- 
minute period with no stimulus before the second and third stimuli controlled for 
carryover in response from the previous song stimuli (see Table 2.1). During pilot trials 
in 1995 and 1996, we found that a 3-minute break provided sufficient time for both 
Orange-crowned and Virginia’s warblers to calm down after conspecific song stimulus 
(i.e. there was a decrease in behaviors characteristic of response to conspecific songs, 
such as flights towards speaker and song rate). To further ensure that a 3-minute break 
was ample time between playback stimuli, we tested for effects of song stimulus order, 
which would be expected if behavior in response to one stimulus carried over into the 
next (see Variables and analysis below). We expected response to conspecific song 
stimulus to be strongest and thus provide the greatest potential for carryover in response 
to subsequent stimuli. Thus, we played conspecific song stimulus last in all experiments 
(see Table 2.1; cf. Martin et al. 1996). Occasionally, song stimulus would attract 
responding individuals other than the focal bird. In these cases, we could not distinguish 
whether the focal bird was responding to our song stimulus or to the presence of another 
responding individual. Consequently, the playback experiment was stopped and these 
data were not used in the analysis.
Singing male Orange-crowned and Virginia’s warblers that defended territories 
that permitted continuous observations (e.g. territories up to 1 ha in size, in favorable 
habitat for observations) were chosen preferentially for playback experiments, although 
within this group we selected males at random. For each territorial male, we placed a 
speaker (SME-AFS Field Speaker, Saul Mineroff Electronics, Inc.) and playback recorder
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
86
(Sony TCM-5000 high frequency tape recorder, Saul Mineroff Electronics, Inc.) within 
its territory, 1-3 m above the ground. One observer recorded all of the movements, 
vocalizations, and estimated locations of the focal male relative to the speaker ( 1997, 
1998) and the ground (in 1997 only), using a tape recorder in 1997, or directly onto paper 
in 1998. The observer for half of the experiments in 1997 was C.A. Morton, while the 
observer for the other half was P.R.M. The observer for all experiments in 1998 was 
P.R.M. For all experiments, flagging tape was placed on two sides of the playback 
speaker at a distance of 5 m and 10 m to assist in distance estimation. In all cases the 
observer estimated distance and heights to the nearest meter. Behavioral data (described 
below) were gathered and analyzed for seven 1-minute intervals during the playback 
experiment (Table 2.1): during the first minute of the playback experiment preceding any 
song stimulus, during the 1-minute presentation of each of the three song stimuli, and 
during the 1-minute immediately following presentation of each of the three song stimuli.
Song stimuli. - The three song stimuli consisted of songs of Orange-crowned 
Warbler, Virginia’s Warbler, and Green-tailed Towhee (Pipilo chlorurus) (control), 
recorded from the study area in 1996. Multiple replicates (multiple songs from three 
different individuals of each species) were used to obviate concerns regarding the 
external validity of playback experiments (see Kroodsma 1989). To make a playback 
tape, one minute of natural song from one of the three different individuals recorded for 
each species was selected at random and recorded onto a playback tape. Songs were 
recorded from distances of < 10 m using a ME-66 short shotgun microphone (Saul 
Mineroff Electronics, Inc.), SME-BA3 pre-amplifier (Saul Mineroff Electronics, Inc.),
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and a Sony TCM-5000 high frequency tape recorder (Saul Mineroff Electronics, Inc.).
To create playback tapes, periods between songs were cut, and sound levels for songs 
were set as equal across species and tapes. Song rates reflected natural song rates from 1 - 
minute recordings of focal individuals. The song rates for the playback tapes were: 5-6 
songs/minute for Orange-crowned Warbler, 5-6 songs/minute for Virginia’s Warbler, and 
6-8 songs/minute for Green-tailed Towhee. We used six playback tapes representing the 
different recordings from three individuals for each species in two potential orders of 
song stimuli (either control stimulus first, or experimental stimulus first; see Table 2.1). 
Thus, each of the three recordings for control and experimental stimuli was played twice 
(once as the first stimulus, and once as the second stimulus; conspecific stimulus always 
came third) for a total of six playback tapes. The selection of playback tapes was block- 
randomized; each of the six playback tapes was played to three different focal 
individuals, for a total of V = 18 experiments for each species (see below for control of 
other potential effects of order).
Green-tailed Towhee song was used as a control in the experiment to compare 
response of Orange-crowned and Virginia’s warblers to song of another common forest 
passerine in the area. Green-tailed Towhee territories regularly overlap both Orange- 
crowned and Virginia’s warbler territories on our study sites in Arizona (P.R. Martin,
T.E. Martin, unpublished data). Green-tailed Towhee foraging and nesting behavior, 
however, differs markedly from Orange-crowned and Virginia’s warblers (Dobbs et al. 
1998, Martin 1998), and no interactions between the Green-tailed Towhees and the focal 
warbler species have been recorded on our study sites (P.R. Martin, T.E. Martin,
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unpublished data). These ecological differences, lack of interactions, and different song 
morphology (Figure 2.1) make Green-tailed Towhees an ideal control species for song 
playback experiments on both Orange-crowned and Virginia’s warblers.
Variables and analysis. - Recordings of observations of focal males during 
playback experiments were transcribed for 5-second intervals in 1997, and summarized 
from field notes in 1998. Six variables were recorded in 1997 {N~  12) and five variables 
were recorded in 1998 (7V= 6) (Table 2.2). Mean height above ground was not recorded 
in 1998 because this variable was more difficult to calculate, and preliminary results from 
1997 did not suggest any pattern with respect to this variable. Variables were selected on 
the basis that they illustrate response of other wood warbler (Parulidae) species to vocal 
stimuli (e.g. Martin et al. 1996; Fotheringham et al. 1997). Values for five variables were 
recorded for seven 1-minute intervals; prestimulus, stimulus-Green-tailed Towhee, post 
stimulus-Green-tailed Towhee, stimulus-Virginia’s Warbler, post stimulus-Virginia’s 
Warbler, stimulus-Orange-crowned Warbler, and post stimulus-Orange-crowned Warbler 
(Table 2.1 ; order varied, see above). For songs that overlapped stimuli, values could be 
recorded only for intervals during which song stimuli were presented. Thus, overlapping 
songs were only recorded for the three song stimulus intervals (Table 2.1).
We used the data gathered from song playback experiments to test two a priori 
hypotheses: (1) Orange-crowned and Virginia’s warblers respond to each others’ songs, 
and (2) response to each others’ songs differs from response to conspecific song. To test 
the first hypothesis, we compared behaviors during control intervals (intervals of no song, 
and intervals during and after Green-tailed Towhee song) with behaviors during
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
89
experimental intervals (intervals during and after the opposite species’ song). Behavioral 
variables in this study correlated with each other, while multiple behavioral variables 
combined often characterize responses of other species to heterospecific song (e.g. Martin 
et al. 1996). Thus, we collapsed four behavioral variables (minimum distance to speaker, 
latency to flight towards speaker, number of flights, number of songs) into two 
components for Orange-crowned Warblers, and two components for Virginia’s Warblers 
using principal components analysis (PCA) (correlation matrix, equamax rotated axes). 
Mean height above ground was not incorporated into the PCA because data were gathered 
for only a subset of individuals (i.e. V =  12 instead of 18). Number of songs that 
overlapped stimuli was not incorporated into the PCA because data could be gathered for 
only a subset of the song playback intervals (i.e. intervals during which song stimuli were 
presented). Following PCA, we used principal component scores and the two remaining 
behavioral variables (mean height, overlapping songs) in a series of block-randomized 
(on individual) type III ANOVAs. The effects of order, and an order x treatment 
interaction were also tested in the same ANOVA models. Thus, individual, order, order x 
treatment, and treatment were all entered into the ANOVA model simultaneously as fixed 
factors. For each focal species, a total of four ANOVAs tested for differences among the 
five playback intervals (Table 2.1; excluding conspecific intervals): one ANOVA for 
each behavioral variable of interest (i.e. the two principal components, mean height, and 
overlapping songs). In cases where ANOVAs were significant following a sequential 
Bonferroni correction (Rice 1989) for multiple comparisons (six and four comparisons 
for Orange-crowned and Virginia’s warblers, respectively; see below for an additional
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two tests on Orange-crowned Warbler data), Tukey’s post hoc tests tested for pairwise 
differences between the five playback intervals of interest. In the interest of saving space, 
we limit our discussion to those variables where ANOVA’s and subsequent post hoc tests 
reject the null hypothesis.
To test the second hypothesis, we compared response of focal species to 
conspecific song with response to song of the opposite species. Principal components 
could not be used for this comparison, because the principal components were based on 
behaviors excluding conspecific playback intervals. Instead, we compared responses to 
conspecific song versus the opposite species’ song using behavioral variables that had the 
highest factor loading for the principal component of interest (cf. Table 2.3, 2.4), and 
remaining behavioral variables (i.e. mean height, overlapping songs) if they illustrated a 
response to the opposite species’ song (i.e. if they showed significant differences between 
control and experimental intervals for hypothesis 1). Comparisons allowed us to assess 
whether response to the opposite species’ song differed from response to conspecific song 
for a given behavioral variable. An additional two ANOVAs were performed on 
minimum distance to speaker and overlapping songs for Orange-crowned Warblers.
Thus, Bonferroni correction was used to adjust for a total of six comparisons (four for the 
first hypothesis, two for the second hypothesis) for Orange-crowned Warblers.
Virginia’s Warbler latency experiments 
Results from song playback experiments described above suggested that 
Virginia’s Warblers may avoid the playback speaker when presented with Orange-
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crowned Warbler song (see Results). The design of the first experiment, however, did 
not permit us to adequately describe this response because playback intervals lasted only 
60 seconds, and many Virginia’s Warblers did not fly towards the speaker during a 60 
second interval of prestimulus or control song. Thus, we performed an additional 
experiment on three territorial male Virginia’s Warblers to test the a priori hypothesis 
that Virginia’s Warblers avoid the playback speaker when presented with Orange- 
crowned Warbler song.
Three territorial male Virginia’s Warblers were chosen in the same fashion as the 
first experiment, and on the same study plots. Playback experiment procedure remained 
the same as in the first experiment, except that either Orange-crowned Warbler song, or 
Green-tailed Towhee song was broadcast to the focal male continuously until the focal 
male flew towards the speaker. We then recorded the time (nearest second) from the start 
of song playback to the first flight towards the playback speaker. Each focal male 
received both Orange-crowned Warbler and Green-tailed Towhee song treatments, 
separated by 10 minutes in between experiments. Songs were broadcast from the same 
location within each territory. We observed each focal male for approximately 10 
minutes before playback experiments to attempt to place playback speakers near the 
center of each territory. We alternated the order of stimuli, with Green-tailed Towhee 
(control) song played first for two males, and Orange-crowned Warbler (experimental) 
song played first for one male. A one-way, paired /-test tested the null hypothesis that 
male Virginia’s Warblers did not take longer to fly towards the speaker when presented 
with Orange-crowned Warbler song as compared with Green-tailed Towhee song.
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Virginia ’s Warbler settlement patterns 
We examined patterns of Virginia’s Warbler territory settlement, both within 
maple drainages where Orange-crowned Warblers occur (sympatric), and between 
habitats where Orange-crowned Warblers occur (sympatric) and do not occur (allopatric).
Within maple drainages (sympatric). - Orange-crowned Warblers were removed 
during a study examining the consequences of coexistence for Orange-crowned and 
Virginia’s warblers (Chapter I). In 1998, we monitored patterns of male Virginia’s 
Warbler settlement on territories where male Orange-crowned Warblers had settled but 
were removed, compared with adjacent territories (i.e. 1-2 territories away) where 
Orange-crowned Warblers had settled but had not been removed. Availability of habitat 
where Orange-crowned Warblers were present and where Orange-crowned Warblers had 
been removed varied, but in general there were equal or slightly more territories available 
where Orange-crowned Warblers had been removed.
Allopatric versus sympatric habitat. - In the eastern section of our study sites 
(Ohaco region), pine-oak-locust habitat occurs with and without maple in areas adjacent 
to each other. In these habitats, we monitored 14 male Virginia’s Warbler’s territories (6 
with maple and 8 without maple) and recorded the sequence of territory settlement by 
male Virginia’s Warblers in 1998. Territories with maple were all settled by Orange- 
crowned Warblers either before or after male Virginia’s Warbler settlement. This 
comparison allowed us to examine if Virginia’s Warblers preferentially settle in habitat 
where Orange-crowned Warblers occur (sympatric) or in habitats where Orange-crowned 
Warblers are naturally absent (allopatric).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
93
RESULTS 
Natural interactions 
Orange-crowned Warblers were dominant and aggressive in interactions with 
Virginia’s Warblers. Territorial male Orange-crowned Warblers attacked and chased, and 
supplanted both male and female Virginia’s Warblers, flew to close proximity (< 2 m) of 
singing male Virginia’s and sang beside them, and sang overtop of songs by newly 
arrived males. Male Orange-crowneds also attacked female Virginia’s Warblers, but with 
less frequency. Female Orange-crowned Warblers attacked female Virginia’s, although 
female aggression was much less common than male aggression. Orange-crowned 
Warblers (probably females) were observed on several occasions attacking female 
Virginia’s as they built nests. Interactions were sometimes physical, with male Orange- 
crowned Warblers coming into direct contact with male Virginia’s for almost a full 
second on occasion, and nesting material occasionally being physically knocked out of 
female Virginia’s bills as they attempted to build nests. Most interactions, however, did 
not involve prolonged physical contact, and no injuries or deaths of Virginia’s Warblers 
resulting from Orange-crowned Warbler aggression were observed. In no cases were 
Virginia’s Warblers observed to be the aggressor, and in all cases Virginia’s Warblers 
retreated or avoided attacks by the larger Orange-crowned Warblers.
Principal Components Analysis 
For Orange-crowned Warblers, two principal components accounted for a 
combined 66.5 % of the variance associated with behavioral variables (Table 2.3). The
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first principal component showed high factor loadings for minimum distance to speaker, 
latency to flight towards speaker, and number of flights (Table 2.3), indicating that this 
component describes variation with respect to approach of Orange-crowned Warblers 
towards the speaker. The second principal component showed high factor loadings 
primarily for the number of songs (cf. Table 2.3). For Virginia’s Warblers, two principal 
components accounted for a combined 66.0 % of the variance associated with behavioral 
variables (Table 2.4). The first principal component showed high factor loadings for 
number of flights and latency to flight towards speaker (Table 2.4), suggesting that this 
component described overall frequency of flights. The second principal component 
showed high factor loadings for minimum distance to speaker and number of songs, and 
was more difficult to interpret (cf. Table 2.4).
Experimental song playback 
Order effects. - We found no significant order or order x treatment effects for any 
behavioral variables for both Orange-crowned and Virginia’s warblers (i.e. F  > 0.10 for 
all tests), indicating no effect of temporal position of control or experimental stimuli.
Playback experiments on Orange-crowned Warblers: Hypothesis I. Response to 
Virginia's Warbler song. - Territorial male Orange-crowned Warblers responded to 
Virginia’s Warbler song playback in two ways; (1) by approaching the playback speaker 
(Table 2.5; Figure 2.2), and (2) by overlapping Virginia’s Warbler songs with songs of 
their own (Table 2.5; Figure 2.3). (1) Principal component 1 describes latency to flight 
towards speaker and the minimum distance of approach towards the playback speaker
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(Table 2.3), and showed significantly lower values during intervals of Virginia’s Warbler 
song stimulus compared with intervals of no song (prestimulus), and control song 
intervals (Figure 2.2). Orange-crowned Warblers did not approach the speaker during the 
minute following Virginia’s Warbler song playback (Figure 2.2), but did remain close to 
the speaker during this time (cf. Figure 2.4). (2) In addition. Orange-crowned Warblers 
sang overtop of Virginia’s Warbler songs significantly more frequently compared with 
control songs (Table 2.5; Figure 2.3).
Hypothesis 2. Response to Virginia’s Warbler song compared to conspecific song. 
- Orange-crowned Warblers moved closer to the playback speaker in response to both 
Virginia’s Warbler song and conspecific song. Orange-crowned Warblers, however, 
approached closer to the playback speaker in response to conspecific song, compared 
with Virginia’s Warbler song (Figure 2.4). Orange-crowned Warbler response to 
Virginia’s Warbler song differed from response to conspecific song with respect to the 
number of songs sung overtop of the song stimulus (Figure 2.3). Orange-crowned 
Warblers did not sing overtop of conspecific songs significantly more than control songs; 
however, in response to Virginia’s Warbler songs, Orange-crowneds sang significantly 
more songs that overlapped the song stimulus compared with both control and 
conspecific songs (Table 2.5; Figure 2.3).
Playback experiments on Virginia’s Warblers: Hypothesis 1. Response to 
Orange-crowned Warbler song. - Territorial male Virginia’s Warblers did not respond to 
Orange-crowned Warbler song in any measurable way during the first playback 
experiment (Table 2.6). Latency to approach towards speaker data (Figure 2.5), however.
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suggested that Virginia’s Warblers may avoid the playback speaker during Orange- 
crowned Warbler song playback. Further experiments that tested this hypothesis showed 
that Virginia’s Warblers do avoid the playback speaker when Orange-crowned Warbler 
song is broadcast (Figure 2.6). Male Virginia’s Warblers took almost five times longer to 
move towards the playback speaker when presented with Orange-crowned Warbler song 
as compared to Green-tailed Towhee (control) song (Figure 2.6).
Hypothesis 2. Response to Orange-crowned Warbler song compared to 
conspecific song. - Virginia’s Warbler response to Orange-crowned Warbler song was 
opposite to their response to conspecific song (Figure 2.5). Male Virginia’s Warblers 
approached the playback speaker in a median time of 30 s when presented with 
conspecific song stimulus (Figure 2.5), however, they avoided the playback speaker when 
presented with Orange-crowned Warbler songs (Figure 2.6).
Virginia’s Warbler settlement patterns 
Within maple drainages (sympatric). - Male Virginia’s Warblers did not 
preferentially settle on territories where Orange-crowned Warblers had been removed 
compared with territories where Orange-crowned Warblers were present. Out of four 
male Virginia’s Warblers that settled, two settled on territories where Orange-crowned 
Warblers were present instead of settling on adjacent territories where Orange-crowned 
Warblers had been removed. The other two Virginia’s males settled on territories where 
Orange-crowned Warblers had been experimentally removed, while adjacent territories 
where Orange-crowned Warblers were present were available.
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Allopatric versus sympatric habitats. - Virginia’s Warblers settled in pine-oak- 
locust habitat with maple and with Orange-crowned Warblers preferentially to adjacent 
pine-oak-locust habitat without maple and without Orange-crowned Warblers (Figure 
2.7). Out of fourteen territories settled, the first six Virginia’s males settled on territories 
with maple, while the remaining eight all settled in the habitat without maple.
DISCUSSION
In response to Virginia’s Warbler song playback, territorial male Orange-crowned 
Warblers approached the broadcast speaker and/or overlapped Virginia’s Warbler songs 
with songs of their own (Figures 2.3, 2.4). These two responses were negatively 
correlated (Pearson correlation, r  = -0.53, two-tailed P = 0.024), suggesting that territorial 
male Orange-crowned Warblers have two alternative responses to singing male Virginia’s 
Warblers on their territories: (1) approach the singing male, or (2) do not approach, but 
instead sing overtop of the male Virginia’s songs. Approaching the singing male 
Virginia’s may facilitate visual location and subsequent attack of a Virginia’s Warbler. 
Singing overtop of male Virginia’s songs, conversely, appears to interfere with 
intraspecific communication of Virginia’s Warblers. Overall, both responses interfere 
with Virginia’s Warblers’ behaviors, and are viewed as aggressive responses towards 
Virginia’s males on Orange-crowned Warbler breeding territories. Both responses are 
consistent with observations of interactions between Orange-crowned and Virginia’s 
warblers in nature, which include aggressive attacks by the larger, dominant Orange- 
crowned Warbler on Virginia’s Warblers within their territories, and Orange-crowned
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Warbler singing overtop of songs sung by newly-arrived male Virginia’s.
In response to Orange-crowned Warbler song playback, territorial male Virginia’s 
Warblers avoided the broadcast speaker (Figure 2.6). This response was consistent with 
Virginia’s avoiding potential Orange-crowned Warbler aggression, and was also 
consistent with observations of interactions between Orange-crowned and Virginia’s 
warblers in nature. In nature, Virginia’s Warblers were always subordinate, and actively 
avoided and retreated from aggressive Orange-crowned Warblers.
In both cases. Orange-crowned and Virginia’s warbler responses to song of the 
opposite species differed from responses to conspecific song, indicating responses to the 
opposite species did not result from misdirected intraspecific aggression. Orange- 
crowned Warblers did not sing overtop of conspecific song stimuli as they did when 
presented with Virginia’s Warbler songs, indicating that they distinguish songs of 
conspecifics from those of Virginia’s Warblers (Figure 2.3). Virginia’s Warblers 
responded to Orange-crowned Warbler song by avoiding the broadcast speaker (Figure 
2.6). This response was opposite to their response to conspecific songs, where Virginia’s 
Warblers approached the broadcast speaker (Figure 2.5). Overall, both Orange-crowned 
and Virginia’s warblers responded to each other’s songs in ways that were specific to the 
opposite species and differed from responses to conspecific and control songs.
Implications for fitness costs o f  coexistence for Orange-crowned Warblers
While we lack direct tests of the adaptiveness of Orange-crowned and Virginia’s 
warbler responses to the opposite species, data on ecological interactions between the two
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species (Chapter I) suggest that responses of each species may provide fitness benefits to 
individuals. Orange-crowned Warblers suffered higher nest predation rates on territories 
that overlapped Virginia’s Warblers compared with territories where Virginia's Warblers 
had been experimentally removed (Chapter I). Increased nest predation rates when the 
two species coexist appear to result from functional shifts in nest predator behavior in 
response to increased densities of ground nests that convey the same search image 
(phenotype) to predators (Chapter I). With this density-dependent mechanism, an 
increase in the density of ground nests would increase the likelihood of a predator coming 
across one nest, and receiving positive reinforcement to search for others in similar 
locations (Holt and Kotler 1987, Martin 1988b, 1996, Holt and Lawton 1994, Schmidt 
and Whelan 1998). Overall, this would result in an increase in nest predation rates that 
corresponds to the density of concurrently active ground nests.
Given ecological interactions through nest predation, Orange-crowned Warbler 
behavior towards Virginia’s Warblers on overlapping territories is adaptive in two cases: 
(1) if  it decreased temporal overlap of active Virginia’s Warbler nests with active Orange- 
crowned Warbler nests, and (2) if it decreased the overall density of ground nests in 
proximity to active Orange-crowned Warbler nests. Decreased density of ground nests 
could result from Orange-crowned Warbler behavior by (a) decreasing the likelihood of a 
Virginia’s Warbler male attracting a mate and nesting, (b) increasing the likelihood of a 
Virginia’s placing its nest further from the active Orange-crowned nest, or (c) increasing 
the likelihood of a male Virginia’s Warbler expanding its territory leading to decreased 
overall density of Virginia’s territories and nests near Orange-crowned Warbler’s nest.
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Some evidence suggests that both Orange-crowned Warbler aggression towards 
Virginia’s Warblers, and Grange-crowned Warbler singing overtop of Virginia’s 
Warbler’s songs may decrease (1) temporal overlap of active nests and (2) the density of 
active nests of Orange-crowned and Virginia’s warblers that overlap territories. For 
example, Orange-crowned Warbler aggression towards female Virginia’s Warblers when 
they are building nests may delay the completion of the nest and the onset of egg laying. 
Since Orange-crowned Warblers typically nest earlier than Virginia’s (Chapter I: Figure
1.2), delaying the onset of Virginia’s Warbler egg laying would reduce temporal overlap 
of active Virginia’s Warbler nests with active Orange-crowned Warbler nests on 
overlapping territories. Orange-crowned Warbler aggression towards unpaired male 
Virginia’s Warblers may reduce nest density, by discouraging unpaired male Virginia’s 
Warblers from searching for potential nest sites close to active Orange-crowned Warbler 
nests. Since male Virginia’s Warblers may play a significant role in nest site selection 
(P.R. Martin, T.E. Martin, unpublished data). Orange-crowned Warbler aggression could 
result in Virginia’s Warblers selecting nest sites further from active Orange-crowned 
Warbler nests, reducing overall density of ground nests in the proximity of Orange- 
crowned Warbler nests. Similarly, preliminary results from song overlap experiments 
suggest that Orange-crowned Warbler singing overtop of unpaired male Virginia's 
Warbler songs may increase the amount of time required for an unpaired male Virginia’s 
Warbler to attract a mate, thus delaying the onset of egg laying and temporal overlap of 
active Orange-crowned and Virginia’s warbler nests on overlapping territories. Male 
Virginia’s Warblers also appear to increase the size of their territories in response to
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overlap of their songs, which could decrease nest density around Orange-crowned 
Warbler nests by increasing Virginia’s Warbler territory sizes, thus reducing overall 
density of Virginia’s Warbler pairs and their nests in saturated habitat.
Overall, there are a variety of mechanisms whereby we may expect Orange- 
crowned Warbler behavior towards Virginia’s Warblers to provide fitness benefits to 
Orange-crowned Warblers. Further data from direct, experimental tests are required to 
test both the hypothesis that Orange-crowned Warbler behavior is adaptive, and the 
different mechanisms whereby Orange-crowned Warbler behavior may influence 
Virginia’s Warblers to the benefit of coexisting Orange-crowned Warblers.
When should Virginia's Warblers avoid Orange-crowned Warblers?
While Virginia’s Warblers avoid Orange-crowned Warblers on their territories 
(Figure 2.6), they do not avoid settling where Orange-crowned Warblers are defending 
territories within snow-melt drainages. Although sample sizes were small, Virginia’s 
Warblers showed no tendency to avoid occupied Orange-crowned Warbler territories in 
favor of settling where Orange-crowned Warblers had been experimentally removed. 
Data from removal experiments on unpaired male Orange-crowned Warblers (i.e. no 
females present), however, illustrate that Orange-crowned Warblers saturate suitable 
maple drainage habitat, with an average of 2.3 males settling per Orange-crowned 
Warbler territory (P.R. Martin and T.E. Martin, unpublished manuscript). Saturation of 
snow-melt drainage habitat by Orange-crowned Warblers suggests that there is no 
selective advantage favoring male Virginia’s Warblers that avoid settling on territories
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where Orange-crowned Warblers are present. Any Virginia’s Warbler territory in 
suitable snow-melt drainage habitat will be overlapped by Orange-crowned Warblers, 
whether or not Orange-crowneds are already present when Virginia’s Warblers settle, and 
thus ecological and fitness costs illustrated by removal experiments in Chapter I are 
unavoidable consequences of settling in snow-melt drainage habitat.
When habitat with and without Orange-crowned Warblers was present in adjacent 
territories, Virginia’s Warbler males settled in pine-oak-locust-maple habitat, where 
Orange-crowned Warblers occur, before settling on territories in pine-oak-locust habitat 
without maple and without Orange-crowned Warblers (Figure 2.7). Given (1) aggression 
by Orange-crowned Warblers towards Virginia’s Warblers, (2) fitness and ecological 
costs of coexisting with Orange-crowned Warblers (Chapter I), and (3) that Virginia’s 
Warblers typically occupy dry pine-oak-juniper habitats similar to the pine-oak-locust 
habitat (without maple) across their geographic range (Dunn and Garrett 1997), it at first 
seems surprising that Virginia’s Warblers do not avoid pine-oak-locust-maple habitat 
where Orange-crowned Warblers are present. Quality of maple habitat, however, may be 
generally higher than oak/locust habitat, such that costs of coexistence are offset by 
habitat quality differences. When we compare reproductive success of Virginia’s 
Warblers in maple habitat with Orange-crowned Warblers, versus Virginia’s Warblers in 
pine-oak-locust habitat without Orange-crowned Warblers, we see no clear costs for 
Virginia’s Warblers settling in Orange-crowned Warbler habitat (Figure 2.8). This lack 
o f difference in reproductive success between habitats suggests that selection may not 
favor individual Virginia’s Warblers that avoid Orange-crowned Warblers and maple
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drainage habitat, despite the added ecological and fitness costs for Virginia’s Warblers 
coexisting with Orange-crowned Warblers within snow-melt drainage habitat (Chapter I).
Overall, we find no evidence to suggest that selection favors Virginia’s Warblers 
that avoid (1) settling in Orange-crowned Warbler habitat compared with adjacent habitat 
where Orange-crowned Warblers do not occur, or (2) settling on territories occupied by 
Orange-crowned Warblers within Orange-crowned Warbler habitat. Instead, song 
playback experiments suggest that the only scale at which Virginia’s Warblers should 
avoid Orange-crowned Warblers on our study sites is within their breeding territories, 
where avoidance of Orange-crowned Warblers may help to alleviate costs associated with 
aggressive behavior directed at overlapping Virginia’s Warblers.
Implications for interactions among bird species 
Results of song playback experiments suggest that both Orange-crowned and 
Virginia’s warblers respond to each other’s songs in manners consistent with ecological 
interactions between the two species. This provides another case of response to 
heterospecific song among coexisting passerine species (e.g. Rice 1978, Catchpole 1977, 
1978, Catchpole and Leisler 1986, Reed 1982, Prescott 1987, Robinson and Terborgh 
1995, Martin et al. 1996), and further suggests that song may play a more important role 
in interspecific interactions among bird species than is generally discussed (Kroodsma 
and Miller 1982, 1996, see also Robinson and Terborgh 1995, Martin et al. 1996).
Results of playback experiments also suggest that Orange-crowned Warblers 
interfere with intraspecific signals of Virginia’s Warblers by singing overtop of
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Virginia’s Warblers’ songs. Overlapping of Virginia’s Warblers’ songs by Orange- 
crowned Warblers suggests that interactions among species may extend from strictly 
ecological interactions to interactions influencing intraspecific communication and mate 
attraction (cf. Thornhill 1987, 1992). Further experimental work is needed to assess if 
Orange-crowned Warblers gain benefits from this behavior, and if so, what mechanisms 
are involved to confer such benefits (see above).
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Table 2.1. Design of repeated measures song playback experiments presented to 18 
territorial male Orange-crowned Warblers and 18 territorial male Virginia’s Warblers. 
Playback stimuli consisted of songs of Orange-crowned Warblers, Virginia’s Warblers, 
and Green-tailed Towhees (used as a control).
Stimulus Duration Behavioral
Observations
Collected
No stimulus (“prestimulus”) 1 minute yes
Stimulus 1 (either control or experimental stimulus) 1 minute yes
No stimulus (“poststimulus 1") 1 minute yes
No stimulus (break) 2 minutes no
Stimulus 2 (either experimental or control stimulus) 1 minute yes
No stimulus (“poststimulus 2") 1 minute yes
No stimulus (break) 2 minutes no
Conspecific song stimulus 1 minute yes
No stimulus (“poststimulus conspecific”) 1 minute yes
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Table 2.2. Behavioral variables used to measure response of territorial male Orange- 
crowned and Virginia’s warblers to song playback.'
1. minimum distance to playback speaker (m) - minimum distance of the focal bird to the
playback speaker during the 1 -minute interval
2. mean height above ground (m)' - mean height above the ground of the focal bird
during the 1 -minute interval
3. number o f  flights - total number of flights > 1 m made by the focal bird during the 1-
minute interval
4. latency to flight towards speaker (s) - time until the focal bird flew towards the
playback speaker; recorded to nearest five seconds
5. number o f  songs - total number of songs sang by the focal bird during the 1-minute
interval
6. number o f  songs overlapping playback stimulus - total number of songs sung by the
focal bird that overlapped the song stimulus; values were adjusted for the 
proportion of the 1-minute stimulus interval during which song was broadcast 
' V =  18 territorial male Orange-crowned Warblers and 18 territorial male Virginia’s 
Warblers for all behavioral variables except mean height above ground for which V = 12 
for each species
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Table 2.3. Factor loadings, eigenvalues, and percentage variance explained by principal 
components derived from a principal components analysis (PCA) on behavioral data from 
playback experiments involving 18 territorial male Orange-crowned Warblers. Data used 
in PCA were gathered during control and experimental treatments (data gathered during 
conspecific treatments were not used in the PCA).
Behavioral variable Factor loadings for principal components 
where factor loadings > I 0.20 1
PCI PC2
minimum distance to speaker
number o f flights
latency to flight towards speaker
0.79
0.60
0.75
-0.24
-0.50
number of songs 0.89
eigenvalue 
% variance explained
1.57
39.2
1.09
27.3
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Table 2.4. Factor loadings, eigenvalues, and percentage variance explained by principal 
components derived from a principal components analysis (PCA) on behavioral data from 
playback experiments involving 18 territorial male Virginia’s Warblers. Data used in 
PCA were gathered during control and experimental treatments (data gathered during 
conspecific treatments were not used in the PCA).
Behavioral variable Factor loadings for principal components 
where factor loadings > I 0.20 I
PCI PC2
minimum distance to speaker
number of flights
latency to flight towards speaker
- 0.88
0.87
-0.63
number of songs 0.82
eigenvalue 
% variance explained
1.60
40.0
1.04
26.0
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Table 2.5. Results of analysis of variance tests (ANOVAs) performed on two principal 
components derived from a subset of behavioral data (Table 2.3), and on remaining 
behavioral data, gathered from playback experiments involving 18 territorial male 
Orange-crowned Warblers. Hypothesis 1 predicted that Orange-crowned Warblers 
respond to Virginia’s Warbler song. For Hypothesis 1, ANOVAs tested for differences 
between five playback intervals: prestimulus (the first minute of playback before any 
stimulus), gtto [one minute of Green-tailed Towhee (control) song], postgtto [one minute 
immediately following Green-tailed Towhee (control) song], viwa [one minute of 
Virginia’s Warbler (experimental) song], postviwa [one minute immediately following 
Virginia’s Warbler (experimental) song]. Hypothesis 2 predicted that response to 
Virginia’s Warbler song differs from response to conspecific song. For Hypothesis 2, 
ANOVA s tested for differences between seven playback intervals; the five described 
above, and ocwa [one minute of Orange-crowned Warbler (conspecific) song], and 
postocwa [one minute immediately following Orange-crowned Warbler (conspecific) 
song].
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Variable F  d f P N
Hypothesis 1: Orange-crowned Warblers respond ta Virginia's Warbler song 
Principal Component 1 5.03 4 0.001** 18
Principal Component 2 1.12 4 0.36 18
mean height above ground 0.43 4 0.78 12
number of songs that
overlapped stimulus 8.64 1 0.01** 18
Hypothesis 2: Response to Virginia's Warbler song differs from response to conspecific 
song
minimum distance to speaker 16.9 6 0.0001** 18
number of songs that
overlapped stimulus 5.92 2 0.006** 18
** P < 0.05 after sequential Bonferroni correction for multiple comparisons (Rice 1989)
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Table 2.6. Analysis of variance tests (ANOVAs) on two principal components derived 
from a subset of behavioral data (Table 2.4), and on remaining behavioral data, gathered 
from playback experiments involving 18 territorial male Virginia’s Warblers. Hypothesis 
1 predicted that Virginia’s Warblers respond to Orange-crowned Warbler song. For 
Hypothesis 1, ANOVAs tested for differences between five playback intervals; 
prestimulus (the first minute of playback before any stimulus), gtto [one minute of Green­
tailed Towhee (control) song], postgtto [one minute immediately following Green-tailed 
Towhee (control) song], ocwa [one minute of Orange-crowned Warbler (experimental) 
song], postocwa [one minute immediately following Orange-crowned Warbler 
(experimental) song]. Hypothesis 2, that response to Orange-crowned Warbler song 
differs from response to conspecific song, was not tested here as the first null hypothesis 
was not rejected with these data (see independent latency experiments below).
Variable F  d f P N
Hypothesis 1: Virginia’s Warblers respond to Orange-crowned Warbler song 
Principal Component 1 1.12 4 0.35 18
Principal Component 2 0.73 4 0.58 18
mean height above ground 0.46 4 0.77 12
number o f songs that
overlapped stimulus 0.67 1 0.42 18
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Figure Legends
Figure 2.1. Sonograms created from recordings o f (a) Orange-crowned Warbler, (b) 
Virginia’s Warbler, and (c) Green-tailed Towhee (control). Songs were recorded in May 
and June, 1996 on the Mogollon Rim, central Arizona, USA.
Figure 2.2. Values of principal component 1 (mean +!- SE) describing approach of 
territorial male Orange-crowned Warblers to broadcast speaker (cf. Table 2.3) during 
control and experimental playback intervals (A= 18 for all treatment intervals). See 
Table 2.5 for ANOVA results. Values that share the same letter were not statistically 
different from each other (Tukey’s posthoc test, f  >0.05). Figure does not represent order 
of stimuli (see Table 2.1). Playback interval abbreviations are: the first minute of 
playback before any of the stimuli were presented iprestim), 1 minute of Green-tailed 
Towhee (control) song {gtto), and the minute immediately following (postgtto), 1 minute 
o f Virginia’s Warbler (experimental) song (viwa), and the minute immediately following 
(postviwa).
Figure 2.3. Number of songs sung overtop of song playback stimuli (controlling for total 
duration of song stimuli) (mean +/- SE) by territorial male Orange-crowned Warblers 
during control, experimental, and conspecific song playback intervals (V= 18 for all 
treatment intervals). See Table 2.5 for ANOVA results. Values that share the same 
letter were not statistically different from each other (Tukey’s posthoc test, f  >0.05). 
Figure does not represent order of stimuli (see Table 2.1). New playback interval
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abbreviation is: 1 minute of Orange-crowned Warbler (conspecific) song (ocwa, 
conspecific). See Figure 2.2 for other playback interval abbreviations.
Figure 2.4. Minimum approach (m) to broadcast speaker (mean +/- SE) of territorial 
male Orange-crowned Warblers during control, experimental, and conspecific song 
playback intervals (W= 18 for all treatment intervals). See Table 2.5 for ANOVA results. 
Values that share the same letter were not statistically different from each other (Tukey’s 
posthoc test, P>0.05). Figure does not represent order of stimuli (see Table 2.1). New 
playback interval abbreviations are: 1 minute of Orange-crowned Warbler song (ocwa), 
and the minute immediately following (postocwa). See Figure 2.2 caption for other 
playback interval abbreviations.
Figure 2.5. Latency (nearest 5-second interval) to approach towards speaker of territorial 
male Virginia’s Warblers during control, experimental, and conspecific song playback 
intervals ( # = 1 8  for all treatment intervals). Boxplots represent median values (middle 
line), 25-75 percentiles (box), 10-90 percentiles (error bars), and outliers (circles). Figure 
does not represent order of stimuli (see Table 1). See Figure 2.2 and 2.4 captions for 
playback interval abbreviations.
Figure 2.6. Latency (nearest second) to approach towards speaker (mean +/- SE) of 
territorial male Virginia’s Warblers presented with Green-tailed Towhee (gtto) (control) 
songs and Orange-crowned Warbler (ocwa) (experimental) songs (N = 3  for each 
treatment). Songs were played continuously until the focal individual moved towards the 
speaker. Figure does not represent order of stimuli (see Methods).
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Figure 2.7. Arrival sequence (mean +/- SE) of fourteen male Virginia’s Warblers 
relative to each other (i.e. first, second,... 14*'’) across two different habitats on the eastern 
portions of our study sites. Habitat was dominated by ponderosa pine. New Mexican 
locust, gambel oak, and quaking aspen, but differed with respect to the presence or 
absence of canyon maple. Virginia’s territories with maple had overlapping Orange- 
crowned Warblers present (microsympatric). Territories without maple had no Orange- 
crowned Warblers (microallopatric). Both maple and non-maple territories occurred 
beside (abutting) each other.
Figure 2.8. Number of young fledged per Virginia’s Warbler nest (mean +/- SE) in 
snow-melt drainage habitat, where Orange-crowned Warblers co-occur (microsympatric), 
compared with pine-locust-oak habitat, where Orange-crowned Warblers do not occur 
(microallopatric). Sympatric data are from 1996, 1997, and 1998 control plots described 
in Chapter I. Allopatric data are from two sites; one adjacent to snow-melt drainages 
(Ohaco; 1998; 3 nests), and another studied by Fischer (1978) near Flagstaff, Arizona (3 
nests), approximately 95 km northwest of our study sites at 2,164 m in elevation.
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Conclusions
The results of this study show clear fitness costs of coexistence for both Orange- 
crowned and Virginia’s warblers in terms of their reproductive success. Orange-crowned 
Warblers suffered higher nest predation rates when they coexisted with Virginia’s 
Warblers, apparently as a result of functional shifts in nest predator behavior in response 
to increased densities of ground nests when Orange-crowned and Virginia’s warblers 
overlap breeding territories. Similarly, Virginia’s Warblers showed higher rates of nest 
predation when they coexisted with Orange-crowned Warblers, which appear to result 
from the same functional shifts in nest predator behavior, and possibly from reduced 
predation rates on experimental nests that were shifted into maple habitat. Orange- 
crowned Warblers also reduced access to preferred nest sites for Virginia’s Warblers, 
apparently through both interference and exploitative competition, and access to food for 
Virginia’s Warblers, although the exact mechanism involved whereby Orange-crowned 
Warblers reduce access to food for Virginia’s is not yet fully understood.
Song playback experiments illustrate that Orange-crowned Warblers respond 
aggressively to Virginia’s Warbler song broadcast from within their breeding territories. 
Orange-crowned Warblers approached the song source, or sang overtop of the Virginia’s 
Warbler songs. Both of these behaviors may confer benefits to Orange-crowned 
Warblers by reducing temporal overlap of active Virginia’s Warbler nests with Orange- 
crowned Warbler nests on overlapping territories, and by reducing overall densities of
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ground nests when Orange-crowned and Virginia’s warblers coexist. Both of these 
behaviors could reduce nest predation costs to Orange-crowned Warblers, by reducing the 
density of concurrently active ground nests and thus decreasing the likelihood of 
functional shifts in nest predator behavior that cause increased nest predation rates.
Virginia’s Warblers avoided the song source when presented with Orange- 
crowned Warbler song. Virginia’s Warblers did not avoid settling with Orange-crowned 
Warblers in habitat where Orange-crowned Warblers are saturated, and did not avoid 
settling in Orange-crowned Warbler habitat compared with adjacent non-maple habitat 
that lacked Orange-crowned Warblers. Overall, the costs to coexistence observed in 
Chapter II may be unavoidable because Orange-crowned Warblers saturate this habitat, 
and increased quality of maple habitats may offset costs for Virginia’s Warblers 
coexisting with Orange-crowned Warblers.
Overall, results of this study provide detailed information on how Orange- 
crowned and Virginia’s warblers interact on overlapping breeding territories in central 
Arizona. Addition work on (I) mechanisms underlying reduced access to food for 
Virginia’s Warblers coexisting with Orange-crowned Warblers, (2) whether or not 
behaviors of Orange-crowned and Virginia’s warblers in response to the opposite species 
are adaptive, and if so, what are the mechanisms by which these benefits are conferred,
(3) the importance of interactions for limits and geographic ranges in these two species,
(4) the role of other factors (e.g. abiotic, vegetation) in limiting Orange-crowned 
Warblers from using Virginia’s Warbler habitat, and (5) the potential for evolutionary 
responses of Orange-crowned and Virginia’s warblers to each other, will help to make
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Orange-crowned and Virginia's warblers one of the better understood examples of 
interactions and consequences of coexistence for members of a local guild studied to 
date, particularly for terrestrial vertebrates.
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